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Abstract 
It has been summarised that making changes in the transport sector will help al- 
leviate the problems of energy and emissions either by using alternative options of 
energy or by using new technologies that will use fuels more efficiently. The atten- 
tion has been focused on the hybrid power technology to use fuels more efficiently 
as this will be applicable even to the power-trains that may use other alternative 
fuels. A research project that will exploit the series hybrid power technology is 
summarised. It is required to have an electrical generator with improved efficiency, 
reduced mass and volume in order to go in the hybrid power-train. 
An analysis approach using finite element and analytical' techniques has 
been developed to analyse the performance of a generator coupled with a diesel 
engine. It has been shown that the performance of the electrical generator pre- 
dicted using the derived hybrid analysis approach agrees well with the performance 
obtained experimentally. 
The achieved specific power of the generator is 1.3 kW/kg, compared to 
the design requirement of 1 kW/kg, with a nominal power of 165 kW and the total 
mass of 128 kg. The achieved overall power density of the generator is 3.6 MW/m3 
with an outside diameter of 440 nun and the axial length of 305 mm. 
Another aim of the reseaxch is to maximise the efficiency of the electrical 
generator. The achieved efficiency of the generator is 95.5%, while the target was to 
get more than 96%. However there is still room for improvement by optimisation. 
A high-power, medium-speed, multi-modular axial flux generator has 
been designed for the-first time to the best knowledge of the author and successfully 
tested to validate design results. The research work has led to novelties in the 
analysis approach using finite element and analytical techniques, in designing an 
generator with high power density and high specific power, in using non-magnetic 
and non-conductive retainer disk in rotor, and in designing a high power multi- 
modular axial flux generator. 
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1 Introduction 
This chapter presents a general background of the issues related to energy and 
emissions. A brief statistical data is presented paying attention to major factors. 
This shows that the road transportation sector is one of the major sectors causing 
emissions. Further, the way in which the concept of hybrid electric power technology 
can play a significant role to alleviate the emissions problem, is discussed. 
Making changes in the transport sector will help alleviate the problems 
of energy and emissions either by using alternative options of energy or by using new 
technologies that will use fuels more efficiently. As a paxt of a reseaxch project that 
will exploit the series hybrid power technology, it was required to have an electrical 
generator with improved efficiency, reduced mass and volume in order to go in the 
hybrid power-train. Hybrid power technology features the advantage to use fuels 
more efficiently even with the power-trains that may use other alternative fuels. 
An analysis approach using finite element and analytical techniques has 
been developed to analyse the performance of a generator directly interfaced with a 
diesel engine. It has been shown that the performance of the electrical generator pre- 
dicted using the derived hybrid analysis approach agrees well with the performance 
obtained experimentally. 
The achieved specific power of the generator is 1.3 kW/kg, compared 
to the required specific power of 1 kW/kg, with a nominal power of 165 kW and 
the total mass of 128 kg. The achieved overall power density of the generator is 
3.6 MW/m' with an outside diameter of 440 mm and the axial length of 305 mm. 
Another aim of the research is to maximise the efficiency of the electrical 
generator. The achieved efficiency of the generator is 95.5%, while the target for 
efficiency was 96%. 
The reseaxch work has led to novelties in the analysis approach us- 
ing finite element and analytical techniques, in designing an generator with high 
power density and high specific power, in using non-magnetic and non-conductive 
retainer disk in rotor, and in designing and testing a high-power medium-speed 
multi-modular axial flux generator. 
18 
1. Introduction 
1.1 Background 
19 
'Energy', 'emissions', 'greenhouse gases', and 'global climate change' are some of 
many issues discussed and debated worldwide more frequently than ever by scien- 
tists, engineers, politicians, and many other experts. All of them are directly or 
indirectly related to 'fossil fuels' which are available in the form of coal, oil, and 
gas. Fossil fuels are hydrocarbons formed from the remains of dead plants and an- 
imals that lived millions of years ago and are found in deposits beneath the earth. 
When energy is obtained from fossil fuels carbon dioxide, water vapour, and other 
gases, such as carbon monoxide and hydrocarbons are also released to the environ- 
ment. Carbon dioxide is the main 'greenhouse" gas emitted by human activities 
(IEA 2005a). The other greenhouse gases include methane, nitrous oxide, chloroflu- 
orocarbons etc. The greenhouse gases allow incoming solar radiation to reach the 
surface of the earth and restrict outwaxd infrared radiation. Consequently the heat 
radiated from the sun is trapped in the atmosphere leading to 'global warming, 
500 
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Figure 1.1: World total primary energy supply by source 
Figure 1.1 shows how the world's primary energy production (EIA 2005) 
has relied on fossil fuels for last three decades. Note, data for the last couple of years 
is not yet available. In addition, due to the nature of the data to be made available 
by all of the countries, the global energy data accumulated by an institution may not 
be exactly identical to the data from another institution. However the discrepancies 
'The gases in the atmosphere of the earth allow the sunlight to enter the atmosphere freely. When 
the sunlight strikes the surface of the earth, some of it is reflected back in the form of infrared 
radiation. The gases that absorb the radiation and trap the heat are known as greenhouse 
gases. 
2 The increase in earth's temperature is widely known as global warming 
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are not too significant to make any impact on the analysis. The fossil fuels include 
coal, oil, natural gas, and natural gas liquids whereas the renewables consist of hydro 
power, combustible renewable and waste, solar, and wind. 
This shows that about 80% of global energy supply is from fossil fuels. 
It is a risk scenario due to two prime factors, namely depletion of fossil fuels, and 
detrimental effects caused by the byproducts released during the energy extraction 
from fossil fuels. 
1.1.1 Depletion of fossil resources 
The availability of fossil fuels is not infinite, i. e. it is a non-renewable 3 source, and 
the rate of use is high when compared to the discovered fuel 'deposits'. For example, 
as compared by (Carstedt 2006), the rate of discovery and the consumption of oil, 
shown in Figure 1.2, is out of balance. The data for the years 2010,2020 and 2030 
were obtained using extrapolation by Carstedt. 
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Figure 1.2: Comparison of discovery and consumption of oil (Carstedt 2006) 
3 Fossil fuels take long time to form. Due to this, it is considered that no new fossil fuels are 
produced and treated as a non-renewable 
Note that 1 barrel = 1.58987x 10-2 M3 
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Meanwhile Figure 1.3 shows the world's oil reserve as published by US 
Energy Information Administration (EIA) in its monthly energy review for January 
2006. 
Even though the world oil reserves increased over the period, due to new 
discoveries, the discoveries were made possible by new technologies introduced to 
search for new deposits, not caused by any new formation of fossil deposits, and the 
increase was not uniform among the oil producing countries. 
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Figure 1.3: World oil reserves 
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Figure 1.4: Oil reserves in OECD countries 
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For example Figure 1.4 shows a slow increase in the petroleum stocks in 
OECD' (Organisation of Economic Co-operation and Development). The OECD 
countries include most of the developed countries in the world. The developed 
countries use a major share of world's total energy. The imbalance in the energy 
resources and the consumption of a country with limited fossil resources may slow 
down or block its progress and may also lead to a position of dependency on other 
countries, with sufficient fossil deposits, in order to meet its own energy demands. 
It is an undesirable position especially for developed or developing countries which 
are self-sufficient in most of other sectors (Asif & Muneer 2005). 
It is clear from Figure 1.2 that the consumption rate of oil is too high 
to match the combination of rate of discovery and existing stocks. It will be in the 
near future that the stocks of oil may start to reduce with the combined effect of 
high consumption and low discovery, unless either new deposits are discovered or 
the rate of consumption is reduced. So far there is no evidence for any of these 
happening. In contrast, with reference to the statistics from EIA, the total world 
energy consumption and fossil fuel consumption continue to increase steadily every 
year as shown in Figure 1.5 and Figure 1.6 (EIA 2006) respectively. There is a 
mismatch between in world's energy production and consumption as can be seen in 
Figure 1.5. Whenever the production is higher the surplus is stored for later use. In 
Figure 1.6 data is presented using non-SI units that are commonly used in energy 
industry to measure solid, liquid and gas fuels, instead of energy units in order to 
show the increase in fuel consumptions. 
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Figure 1.5: Comparison of world total primary energy 
4 OECD countries are Australia, Austria, Belgium, Canada, Czech Republic, Denmark, Finland, 
Rance, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mex- 
ico, Netherlands, New Zealand, Norway, Poland, Portugal, Slovak Republic, Spain, Sweden, 
Switzerland, Turkey, United Kingdom, United States 
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In addition to this, the predicted reserves of oil and natural gas presented 
in Table 1.1 (EIA 2006), facilitate an estimate of when stocks will run out. By 
using the predicted reserves of oil and natural gas in 2025 and the current (for the 
year 2003) rate of consumption and assuming that the rate of consumption remains 
unchanged over the period, oil and natural gas will last for 101 years and 133 years 
respectively. However, the consumption of fossil fuels will be increasing over the 
years as predicted in Figure 1.6 (EIA 2006). If this increment is taken into account, 
oil and gas will run out sooner than previously claimed. 
Table 1.1: Estimated world oil reserves upto year 2025 
Oil Natural Gas 
Description (Billion barrels) (Týillion ft') 
Proved reserves (1995) 1292.5 6113 
Reserve growth 730.2 2347 
Undiscovered reserve 938.9 4221 
Total 2961.6 12681 
In the case of coal, the history of the last decade shows the reserve of coal 
has declined (EIA 2006). By using the current reserve and the current consumption 
of coal, it is expected to last for about 180 years. This duration is subjected to 
change depending on the change in coal consumption and variation in the future 
coal reserves. 
Note that 1 short tonne 907.185 kg, 1 ft3 = 2.831685 x 10-2 M3 
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The data presented above shows that the indefinite availability of fossil 
fuels is uncertain and that when the current rate of consumption and predicted 
reserves of fossil fuels are taken into account in calculating the availability of fossil 
fuels, oil, gas and coal will last only for 101,103, and 180 years respectively in best 
case scenario. These durations cover barely a few human generations. However 
statistics also show that the rate of consumption increases and will continue to 
increase over the coming years. This will reduce the predictions. A possible way 
that will increase the duration of the availability is to discover new fossil reserves by 
exploiting any future new technologies. In addition to this, since fossil fuels take a 
long time, hundreds of years, to form there would not be any huge difference' in the 
fossil reserves in near future. From all of these it can be concluded that the usage 
of fossil fuels needs to be reduced. 
Having established the dependency on fossil fuels, the impacts of the 
byproducts of fossil fuels will be analysed in the following section. 
1.1.2 Emission related issues 
When energy is extrated from fossil fuels and converted to usable forms, there axe 
some by-products created. The by-products are described as emissions of carbon 
dioxide (C02), carbon monoxide (CO), hydrocarbon (HC), nitrogen oxides (NO,, ), 
sulphur oxides (SO.. ), and particulate matters (PM) which enter into atmosphere. 
The emissions create detrimental effects on the environment and contribute to vari- 
ous health issues on humankind. For example emission Of C02 which is a greenhouse 
gas, leads to the global warming. Figure 1.7 (Oeschger 2000) shows the increase in 
the concentration Of C02 in earth's atmosphere. 
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Figure 1.7: Change in C02 concentration in atmosphere (0eschger 2000) 
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Figure 1.8, extracted from (Watson et al. 2001), shows the deviation of 
the globally averaged temperature of earth from 1860 to 2000 from the average of 
the temperature between 1961 and 1999, and also that the earth's temperature has 
been increasing for more than the last couple of decades. According to the report 
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Figure 1.8: Change in earth temperature (Watson et al. 2001) 
'Climate change 2001 : The scientific basis' published for the Intergovernmental 
Panel on Climate Change (IPCC) (Houghton et al. 2001) the globally averaged 
temperature of earth is projected to increase by 1.4 to 5.80 C over the period from 
1990 to 2100 due to global warming. 
Global warming has negative impacts (EPA 2004, McCarthy et al. 2001, 
Houghton 2005) on health, water resources, polar regions, mountains, forests, range- 
lands, deserts, non-tidal wet lands, coastal zones, agriculture, fisheries, birds etc. 
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Figure 1.9: Change in mean sea level (Watson et al. 2001) 
One of the evidence is the rise in sea-level at various part of the world as 
shown in Figure 1.9. According to (Houghton et al. 2001) the global mean sea level 
is to rise by 90 to 880 mm over the period from 1990 to 2100. Further, with reference 
to (McCarthy & Usborne 2006), separate studies by NASA (National Aeronautics 
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and Space Administration) found that the melt down of Arctic sea ice has been 
increasing drastically quicker than initially predicted. It is further claimed that the 
threat of global warming has to be dealt within the time frame of a decade. 
The other emissions cause various environmental hazards. NO,, leads to 
a kind of air pollution when it reacts with sunlight and creates 'smog". SOx Is the 
cause of acid rain when mixed with moisture in the atmosphere. Acid rain causes 
depletion of the ozone layer, thus allowing ultraviolet rays, which may lead to skin 
cancer, to enter in to the atmosphere. CO and HC can create health problems in 
humans depending on the intensity of exposure. 
Having looked at the issues of depletion of fossil fuels and the hazardous 
nature of the by-products of fossil fuels when used for energy extraction, both cases 
justifying the necessity to reduce the scale of dependency on fossil fuels and the 
consumption, analysis of how much the fossil fuel is consumed by major sectors is 
required in order to find a solution or to alleviate the severity of fossil fuel related 
problems. 
1.1.3 Use of fossil fuel by major sectors 
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Figure 1.10: Fossil fuel consumption by sectors 
Figure 1.10 shows the growth in fossil fuels consumption by industrial, 
transportation, and other sectors and for non-energy use between the years 1973 
and 2003, from data in (IEA 2005b). The other sectors include agriculture, public 
service and commercial, residential and non-specified sectors whereas non-energy use 
'Smog is derived from smoke and fog 
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includes other petroleum products such as lubricants, bitumen, white spirit etc. and 
coal products such as graphite electrodes, carbon blacks etc. Even though the usage 
of fossil fuel by the transportation sector was not as high as the industrial sector and 
other sectors in 1973, this sector has overtaken all the other sectors and consumed 
about 40% of the total fossil fuel energy in 2003. The energy consumption data 
available for the UK in (DTI 2003) for 2000 (transport-36%, domestic-30%, industry- 
21%, and other-13%) also show that the transportation sector uses a considerable 
amount of energy. 
Because of the mobility required, the transportation sector finds fossil 
fuels an attractive energy supply. In addition, referring to data compiled from 
(IEA 2005b), the emissions from oil consumption are high compared to those from 
other fossil fuels, as shown in Figure 1.11, and the transportation sector consumed 
about 43% of the total oil consumption, as shown in Figure 1.12 in year 1973. This 
has increased to nearly 58% in year 2003. Studies, for example as mentioned in 
(EC 2001, Owen & Gordan 2002), show that the transport industry is the main 
contributor Of C02 emissions. 
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Figure 1.11: Global C02 emissions by sectors 
Since nearly 84% Of C02 emitted by the transport industry is due to road 
transport (EC 2001), money and man-hours are globally spent into research and 
development to reduce the dependency on fossil fuels. Consequently the transport 
industry has been paid special attention in order to deal with the problems of energy 
shortage and emissions. 
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Figure 1.12: Oil consumption by sectors 
In order to reduce the emissions various countries have gradually intro- 
duced emission standards and fuel specifications that must be complied by trans- 
portation and other sectors. 
Due to the tougher emission standards, willingness to slow down the 
damage done to the environment, and global effort to prolong the availability of 
fossil fuels the vehicle manufacturers engaged in various options such as improving 
fuel efficiency of engines, improvements in engine technology etc. Any efforts put 
forward by governments, scientists, environmentalist or engineers can be grouped 
into one of the following options. 
" Alternative options of energy that produce less emissions. 
" Lower usage of existing road transport. 
" New technologies to use fuel more efficiently. 
1.1.4 Alternative options of energy 
Alternative options of energy under consideration at present include alcohols, elec- 
tricity, hydrogen (H2), natural gas, and petroleum gas. 
Ethanol and methanol are grouped under the category of alcohols. 
Ethanol can be made from plants and agricultural crops. Ford and Saab have 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
1. Introduction 29 
introduced models called FFV (Flexible Fuel Vehicles) and BioPower respectively. 
The FFV models are designed to run on ethanol, petrol or a mixture of the two 
fuels. However it is uncertain whether it is possible to produce a continuous supply 
of alcohols to power all of the vehicles. 
Electric vehicles such as Smart EV, etc. emerged to come to market. 
Batteries or ultra-capacitors can be used to power electric vehicles. However they 
axe required to be re-charged after a partial discharge of the storage devices. Unless 
the electricity is produced from renewables, electric vehicles would not solve the 
emission problems, instead it will shift the problem to the power generation indus- 
try. In addition, the performance, such as range, acceleration and load capacity, 
of electric vehicles is restricted by the power and energy densities of batteries and 
ultra-capacitors. 
Hydrogen (H2) is considered for energy extraction under two different 
categories, namely as fuel to internal combustion engines (Kiesgen et al. 2006) and 
as a fuel to fuel cells. Fuel cells (Fuel-Cell 2004) operate as batteries in principle using 
a chemical reaction, but using H2 as the fuel. Unless H2 is produced from renewable 
sources there will not be any overall gain in controlling emissions. However, if 
nuclear power is used to produce H2 this may contribute in positive manner, though 
nuclear power production has its own challenges (Trehan & Saran 2003), such as 
disposal of radioactive waste (Badawy 1998), safety issues. Some countries boost 
their power capacity with new nuclear plants (Miller 2001), while some countries axe 
in the process of shutting down the nuclear plants progressively. Further analysis 
on nuclear power is beyond this research study. 
There is not any single alternative fuel that can be used to entirely replace 
the fossil fuels in the transport sector. However these fuels axe an option to alleviate 
the dependency on fossil fuels to some level. 
Another way of reducing emissions is to find an alternative modes of 
transport to road transport. At the same time, such an alternative needs to have 
similar characteristics to road transport, for example easy access of city centres 
which usually have more problem of congestion and environmental pollution due 
to a high volume of traffic flow in and out of them. By introducing such a public 
transport system, it will be possible to reduce the usage of road transport. The 
transport using light rail or tram (LRTA 2003) is an option. 
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Further, since nearly all of the alternative fuels are at their eaxly stages of devel- 
opments to replace the conventional methods of propulsion in transportation, it is 
more suitable to analyse hybrid electric vehicle technology as a new concept that 
will exploit the conventional methods by offering improved fuel economy and lower 
emissions. 
Hybrid electric vehicles (HEV) combine an energy conversion unit, for 
example an internal combustion engine (ICE), from a conventional vehicle with an 
energy storage unit (ESU), for example battery, and electric motor leading to an 
improved fuel economy. The advantages of HEV are as follows 
Increased fuel efficiency - Engines in HEV are sized to average load, not peak 
load, thus reducing their weight. HEV is operated at its maximum efficient 
level using electronic controllers. Idling time of HEV is minimised, if not 
completely eliminated. Energy lost during braking is captured and stored 
using regenerative braking. All of these features lead to an increased efficiency. 
Reduced emissions - Increased fuel efficiency leads to reduced emissions. Using 
alternative fuels such as ethanol, methanol, natural gas etc. to operate HEVs 
also helps to reduce vehicle emissions. 
9 Other benefits - Increased fuel efficiency and employing alternative fuels HEVs 
will help to decrease dependence on fossil fuels. 
Typically a HEV consists of a power unit that can be a gas turbine or any other 
engine, an ESU in the form of batteries, supercapacitors or flywheel and a vehicle 
propulsion system in the form of an electric motor. There are two basic categories 
of hybrid electric drive configurations, series and parallel hybrids. 
1.2.1 Series hybrids 
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Figure 1.13: Series hybrid electric drive 
Figure 1.13 shows a schematic diagram of a series hybrid electric power- 
train where power devices are connected in series before the power is delivered to the 
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wheels. Since there is no mechanical connection between the ICE and the wheels 
the ICE can operate at its optimal speed and torque. This is a main. advantage 
of series hybrid drives (Biickstr6m 2000). However, this configuration has a large 
number of components where energy is converted from one form to another form, for 
example the energy is converted from chemical to heat and then to mechanical form 
in the ICE. Even though the energy available at the rectifier and the inverter is in 
electrical form, the electricity is converted from alternati. ng current to direct current 
in the rectifier and vice versa in the inverter. Mechanical energy is converted into 
electrical energy in the generator or vice versa in the motor. During these processes 
some energy is lost as heat. Thus the efficiency can become lower when operating in 
hybrid mode. This drawback makes it necessary that all the sub-systems in series 
hybrids have maximum possible efficiency in order to get the best performance from 
the whole system. 
1.2.2 Parallel hybrids 
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Figure 1.14: An example of parallel hybrid electric drive 
In Figure 1.14, a schematic diagram of a parallel hybrid electric power- 
train is shown. The main advantage is that the number of components where energy 
conversion takes place is low. Energy is converted from one form to another form 
only in ICE, motor/generator and rectifier/inverter. The energy lost at the clutches 
is small (Lamp6rth & Besant 2001) when compared with that at other components. 
The overall efficiency is higher than the efficiency of series hybrid power-train under 
highway driving conditions due to that the prime mover unit can operate at higher 
efficiency (Lamperth & Besant 2001). In addition the number of components are 
low (Bhckstr6m 2000), thus the'maintenance is relatively easy. 
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1.2.3 Summary 
Having presented how the hybrid electric vehicle technology will help to reduce 
emissions and energy related issues, it should be pointed out that this does not 
come for free without any penalty. Adequate space is required to accommodate ESU, 
rectifier and inverter. In addition these components increase the overall weight of 
the vehicle thus demanding more power to propel the vehicle. In order to retain the 
positive aspects of the hybrid electric concepts without compromising the negative 
aspects due to the increased weight and volume, the components need to be made 
light in weight and small in volume. 
Improvement can be made in ICE, rectifier or inverter and in generator 
or motor in term of power density or specific power. With the introduction of 
power electronic devices (McNutt et al. 2003) made of silicon carbide (SiC) the size 
and weight of power converters can be minimised due to that the power switching 
devices and diodes made of SiC show characteristics of ten times higher breakdown 
voltage and switching frequency than silicon and ten times lower on-state resis- 
tance (Campisi 2000). However the reduction that can be made in weight and size 
of electrical machines is considerable due to the introduction of permanent mag- 
nets (PM) with high remanent flux density, thus eliminating bulky copper field 
winding and reducing space and weight and due to the re-emerging new topologies 
such as axial flux topology, transverse flux topology (Laithwaite 1971) which is more 
suitable for applications requiring high torque density, to utilise the improvements 
in the use of permanent magnets. In addition efficiency also can be improved by 
using PMs. The improved efficiency leads to a low cooling requirement. However 
when unconventional topologies of electrical machines are manufactured the initial 
cost will be high due to the unavailability of appropriate tools. The cost will be 
reduced drastically when the products undergo mass production. 
By engaging the hybrid electric propulsion in the vehicles for mass trans- 
port instead of in private transport vehicles, congestion and pollution in cities can 
be mitigated (ULEVTAP2 2004). Using a light rail vehicle (LRV), as shown in 
Figure 1.15, it is possible to access urban areas and at the same time to reduce 
congestion and emission problems. 
Using light rail transport and the hybrid electric vehicle propulsion, a 
project (ULEVTAP 12002), known as 'Ultra Low Emission Vehicle-aansport using 
Advanced Propulsion (ULEV-TAP)' has bqen in progress since 1996. Phase 1 was 
completed in 2000. Phase 2 began in late 2002. 
The research has focused on developing an efficient electrical machine 
with high power density and specific power by utilising the improvements made in 
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Figure 1.15: Light rail vehicle [Adapted from (ULEVTAP2 2002)] 
permanent magnets and using unconventional topologies so the it can be used in 
the power-train of the light rail vehicle. The power density and the specific power 
are defined as output power per unit volume and per unit mass respectively. 
The requirements of the project are to design a prime mover unit to be 
used in the power-train of LRV, presented in the next chapter after the outline of 
the thesis giving a summary of each chapter in the next section. 
1.3 Outline of the thesis 
Chapter 1 presented a background illustrating energy scarcity and emission prob- 
lems, and hence the purpose of the work being carried out. By improving efficiency, 
power density and specific power of electrical machines a potential contribution can 
be made to the energy and emission problems. 
Chapter 2 gives an introduction to the project that will make use of an 
efficient electrical machine. From the project specifications, the design requirements 
of the electrical machine are derived and presented in the chapter. 
Chapter 3 gives a background study of electrical machines categorising 
them into different groups. Then a suitable topology, an axial flux machine, was 
selected based on the requirements discussed in Chapter 2. 
Chapter 4 looks at the properties of the materials that can be exploited 
in electrical machines in order to improve efficiency, power density and specific 
power. 
Chapter 5 presents an analysis to investigate the suitability of an axial 
flux machine with concentrated winding in order to share interest with another 
hybrid research project. It has been found that it would not make a good choice 
due to its tendency to create high no-load losses primarily due to eddy currents in 
the magnets. Since tile measures to reduce these losses will make negative impacts 
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on the performance of the generator, it was opted to analyse an axial flux machine 
with slotted-ferromagnetic core and double-layer winding. 
Chapter 6 discusses a parametric analysis carried out using two dimen- 
sional finite element analysis in order to find the geometric dimension of the stator 
and rotor. Having finalised the geometric dimensions and other input parameters, 
detailed two-dimensional and three-dimensional finite element analysis were carried 
out under no-load and full-load condition to obtain the performance of the generator. 
Chapter 7 formulates a hybrid approach in order to analyse the com- 
plete performance of the generator using the results of the finite element analysis 
and analytical methods. With this approach the prime mover unit that consists of 
a diesel internal combustion engine and the three-phase generator is analysed. 
Chapter 8 illustrates the manufacturing of a prototype and other 
mechancal components such shaft, cooling plates etc. It describes the encountered 
difficulties and how they were analysed and overcome. 
Chapter 9 describes the test-rig used to carry out experiments and 
experimental results at various conditions. 
Chapter 10 compares the experimental results with the design results. 
Then a conclusion is drawn based on the analysis carried in the previous chapters. 
Recommendations for further work axe also presented. 
Appendix A derives the equations for the three-phase full-bridge passive 
rectifier to obtain the specifications of the generator. 
Appendix B presents the other configurations of double-layer winding 
axial flux machine with 36,72, and 108 as the total number of slots and their results 
obtained using 2D finite element analysis. 
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In this chapter, the design requirements for an electrical generator are presented. 
Primaxily the requirements are based on the project 'Ultra Low Emission Vehicle 
Transportation using Advanced Propulsion-Phase 2'(ULEVTAP2 2002). It has to 
be noted that the design decisions made by the project consortium were inherited 
by this PhD project and are assumed as a fixed specification input to the research 
study. It may be argued that the chosen power-train configuration is not optimum or 
ideal. However, these discussions axe beyond the scope of this thesis. Next an overall 
power-train configuration is presented before design requirements for the reseaxch 
work is derived from the task undertaken by Imperial College as a member of the 
consortium. The task was to deliver a prime mover unit (PMU) which includes a 
diesel engine, an electrical generator and a passive rectifier, focusing research study 
on electrical generator while using readily available diesel engine and passive rectifier. 
DC link 
Motor/Generator 
Motor 
Motor 
Figure 2.1: Schematics of ULEV-TAP 2 
This reseaxch project focused on developing the main hardware units 
for a series hybrid drive system, based on a diesel engine driven prime mover unit 
and flywheel technology as energy storage, for light rail vehicles. Figure 2.1 shows 
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the schematic representation of the ULEV-TAP 2 hybrid architecture. The power- 
train differs from the one described in Section 1.2.1 in terms of energy storage and 
drive system. In ULEV-TAP 2, an electric traction is preferred to the mechanical 
drive system and high speed flywheel technology is selected as an energy storage 
device. Flywheel technology was used instead of batteries or ultra-capacitors due 
to its high energy density (ULEVTAP2 2005), up to 1.28 MJ/kg (Bolund et al. 
2005), high power density and its capability for high number of charge-discharge 
cycles (Thoolen 2006). 
2.1 Prime mover unit 
The main focus is on the prime mover unit in obtaining the design requirements. A 
schematic representation of the prime mover unit is shown in Figure 2.2. Industrial 
Diesel rlu /=: I 
Engine C-:, 
Generator Rectifier 
DC link 
Figure 2.2: Schematics of ULEV TAP 2 prime mover unit 
diesel engine, automotive diesel engine, small and large gas turbines, and fuel cells 
were considered (ULEVTAP2 2005) for prime mover units taking into account their 
power capacity, power density and efficiency. Even though industrial diesel engines 
and fuel cell satisfy the power range and efficiency, their power density is in the range 
of 0.2-0.3 kW/kg making them unsuitable for mounting on the vehicle roof. Gas- 
turbines stand out with their high power density, but low efficiency of about 35% 
(ULEVTAP2 2005). However they also axe not favourable for roof-mounting due to 
the high speeds involved. Automotive diesel engines show satisfactory characteristics 
in terms of all the aspects. 
Diesel engines axe familiar to the light rail industry and automotive en- 
gines are better known for their high efficiency, but the pollutants of particulate 
emissions may be high, although these can be controlled using after-treatment. The 
diesel engine is directly connected to a three-phase AC generator. Note, other num- 
ber of phases could be considered, but are out of the scope of this work. The 
frequency of the generator will be variable and proportional to the rotation of the 
diesel engine. The output of the generator is fed to a DC link via a three-phase 
passive full bridge rectifier. 
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2.2 Engine characteristics 
Automotive diesel engines from different manufacturers were considered as a prime 
mover unit. The engine types and their torque, and power characteristics are shown 
in Figure 2.3 created using the data in (Lamperth 2003). Even though the Audi 
V8 gives lower torque and power than the VW 10 Z TDI, BMW V8, and Mercedes 
400 CDI V8, it was selected for this application based on availability. It was not 
possible to obtain the other engines since the manufacturers were reluctant to allow 
their use outside the automotive sector (Etemad 2004). 
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Figure 2.3: Characteristics of automotive engines 
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If the power chaxacteristics of the engine is closely observed between the 
speed of 3500 rev/min and 4000 rev/min, there is no significant difference in the 
power delivered to the generator. However the frequency of the generator is pro- 
portional to the speed of the engine. The hysteresis-losses increase linearly with the 
frequency to same magnetic loading whereas eddy current losses increase propor- 
tional to the squaxe of frequency. If the upper limit of 4000 rev/min is set on the 
engine speed, the efficiency of the generator may be less than that at the speed of 
3500 rev/min to same power as shown in Figure 2.3(b). Under no-load condition, 
the upper limit of the speed of rotation was selected to be at 3500 rev/min on the 
engine operating curve for minimum fuel consumption. But under full-load condi- 
tion, this will lead to a reduced voltage due to a voltage drop across the internal 
impedances of the phase windings. The voltage drop on load can be compensated 
by operating the engine beyond 3500 rev/n-iin. 
2.3 DC link 
In addition to the vehicle's on-board energy resources, the light rail vehicle also has 
to operate on electrified mainline routes using either a 15kV/16.7Hz, 25kV/5OHz 
networks or on local urban 600/750V DC networks. Thus, the output of the gener- 
ator also has to match these DC supplies. 
Table 2.1: DC link requirements (Schoenfeld 2003) 
Voltage range Magnitude (V) 
Minimum (Lower Limit=70% of Nominal) 525 
Nominal 750 
Maximum (Upper Lin-dt=120% of Nominal) 900 
2.4 Three phase full bridge rectifier 
A detailed illustration of the rectifier including the derivation of equations is given 
in Appendix A. 
Vd-avg 
-3 VLL 7r 
Vd-max "' NF2VLL (2.2) 
vf3- Vd-min '-- 7VLL (2.3) 
2 
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In Table 2.2 the corresponding generator phase voltages for ULEV-TAP 2 
DC link requirements (Table 2.1) are given using Equations 2.1-2.3. In order to find 
Table 2.2: Calculation of voltage 
Vd (V) VO (V) f7O (V) 
525 247 350 
750 321 453 
900 367 520 
the nominal, maximum, and minimum value of dc link voltages the Equations 2.1,2.2 
and 2.3 are used respectively. 
2.5 Three phase ac generator 
The design requirements for the generator are derived from the requirements of the 
diesel engine, the rectifier, and the dc link as described in the preceding sections. 
In electrical generators, the open circuit voltage is proportional to the rotational 
speed when all other parameters remain unchanged. Using the relationship between 
the open circuit voltage and the rotational speed, the range of operational speed 
of the diesel engine, the dc link voltage requirements and the full bridge diode 
rectification the generator voltage requirements are derived as in Table 2.3 and 
shown in Figure 2.4. 
Table 2.3: Generator voltage requirements 
w. (rev/min) Vo (V) 1ý0 (V) Vd (V) 
2356 247 350 525 
3061 321 453 750 
3500 367 1 520 900 
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Figure 2.4: Voltage requirements 
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For simplicity the open circuit phase voltage is interpolated for the speed 
of 3000 rev/min and used to satisfy the voltage requirements. The corresponding 
rms voltage value for 3000 rev/min is 315 V. 
2.6 Envelope 
Figure 2.5: Envelope for electrical generator 
The other constraint is physical size of the generator. Figure 2.5 shows 
the location where the generator will sit in the final deliverable. The height of the 
axis of rotation from the floor is about 225 mm, thus available radius for active 
volume is about 175 mm, and the axially available space is about 500 nun. These 
dimensions give a space of (350 x 350 x 380) mm3 for the electromagnetic parts 
of the generator, leaving room for the mechanical parts such as beaxings, housing, 
mounting base etc. 
Due to the restricted space and the necessity to roof-mount the generator, 
it is required to minimise the overall mass and volume of the generator, thus leading 
to maximise the power density and specific power. 
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2.7 Power density and efficiency 
The design constraints (Schoenfeld 2003) set by the consortium was the overall mass 
of the prime mover unit has to be less than 800 kg and that the system need to as 
efficient as possible. At the early stage of the projects before a suitable diesel engine 
was commissioned, the electrical generator requirement was set to a specific power 
of more than 1 kW/kg and an efficiency of 96%. Note that, the overall weight of the 
PMU target would be influenced by the weight of engine. However the requirement 
of the generator was kept unchanged. 
2.8 Thermal requirements 
For continuous operation of the generator under full or partial load condition, the 
prime-mover unit needs to be analysed for thermal performance. Power losses from 
the generator itself and operating temperature of the engine influence on the thermal 
performance of the electrical generator. For an optimal solution, a thermal analysis 
is required on the overall system. However due to the limitation of resources, i. e. 
time and man-power, a simple water cooling method was developed by another 
member of the research group without an elaborated study. But a detailed thermal 
study would lead to an optimal solution as a system. 
Having looked at the design requirements in this chapter, the next chap- 
ter investigates the topologies of electrical machines. 
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In this section different categories of electrical machines are presented and their 
relative advantages and disadvantages are discussed. Initially a brief description is 
given about how eletrical machines are categorised in general. Then special atten- 
tion is paid to permanent magnet electrical machines since they have more scope 
for improvements with development of magnets of high energy products leading to 
lighter, thus high specific power, and smaller, thus high power density, machines. 
3.1 Topologies 
Electrical machines can be categorised in numerous ways. Here an attempt is made 
to group them based on the following features. 
" Electrical source (DC or AC) 
" Electrical & mechanical frequency 
" Airgap flux direction 
" Motion type 
" Flux & motion direction 
9 Source of field 
Each feature is elaborated below to illustrate how the categorisation is 
done. 
3.1.1 Electrical source 
The most common and well known categorisation of electrical machines is based 
on the type of electricity fed through the input terminals in the case of motors or 
obtained from the output terminals in the case of generators. They are alternating 
current (AC) machines and direct current (DC) machines. Although DC electricity 
is seen at the end terminals of the DC machines, the electricity within the armature 
is always AC electricity. The conversion from AC to DC or vice versa is done by a 
mechanical commutator and brushes in the case of brushed DC (BDC) machines and 
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by electronic semiconductor devices in the case of brushless DC (BLDC) machines 
(Howe 1988, Chang & Muszynski 2003, Lee et al. 2003, Afjei et al. 2006). Since the 
mechanical commutator and brushes are susceptible to wear they require frequent 
maintenance. The losses due to contact resistance of the brushes and instantaneous 
shorts at the brushes lower the overall efficiency of the machine and. the heat pro- 
duced will require more cooling capability in addition to the cooling to remove the 
losses at the rotor and stator. In case of BLDC machines additional losses occur 
semiconductor devices. 
Though one of the requirements of the reseaxch work is to produce a 
DC link with a simple passive diode rectifier as illustrated in Chapter 2 the BLDC 
machines are not considered as a favourable solution. Because the integration of 
electromagnetic components such as stator and rotor, and power electronic devices 
together with other mechanical components as a whole single unit may require ad- 
vanced cooling techniques for medium and large power machines. This will lead to 
a complex system. Because of the above short-comings of DC machines, they are 
not considered further in this analysis. 
3.1.2 Mechanical & electrical frequency 
Another categorisation is based on the mechanical speed and the electrical speed of 
the electrical machines. The electrical speed, w, the mechanical speed, w,,,, and the 
number of poles, Np, axe related by Equation 3.1: 
Np 
We = TWm (3.1) 
they are called synchronous machines (Slemon 1992). If not, they are called asyn- 
chronous or induction machines. The induction machines are more suitable for 
motor applications, but not for this particular generator applications due to diffi- 
culties to provide reactive power (Shibata & Taka 1992, Bansal 2005) through the 
passive diode rectifier connected to the terminals of generator. Because of this no 
more attention is given to the induction machines. 
3.1.3 Airgap flux direction 
The next categorisation is based on the direction of the main flux path in the airgap 
separating the stator and the rotor. If the main flux crosses the airgap radially they 
are grouped into radial flux machines (RFM) , and if the flux direction is axial in the 
airgap, they are known as axial flux machines as shown in Figure 3.1. The active 
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Figure 3.1: Electrical machine topology based on main flux path 
voltage-production region for radial flux machines is more sensitive to the axial 
dimension due to axially oriented conductors/slots whereas conductors are placed 
radially in case of axial flux machines. Therefore, in general, the ratio between the 
axial dimension and the radial dimension is more than unity, typically above 1.5, 
for the radial flux machines, and less than unity, typically below 0.5, for the axial 
flux machines. Refering to Section 2.6 on page 40 the axial and radial dimensions, 
350 mm and 380 min respectively, of the space envelope available for the generator 
do not differ very much giving the ratio of about 1. This leaves both of the categories 
as suitable choices and requires further investigation. 
3.1.4 Motion type 
Another category is based on the type of motion of the moving part. If the moving 
part rotates about an axis, it is called a rotary machine, and if it moves in a linear 
direction, it is called a linear machine (Laithwaite 1971). The linear machines are 
well suited for the applications such as actuators and positioning systems. In our 
case the electrical machine is to be interfaced with a rotary diesel engine, thus 
making the rotary machines the best choice. 
3.1.5 Flux & motion direction 
There exists another category based on the main flux path and direction of motion. 
This category is not commonly used like others. The main flux path of the topologies 
shown in Figure 3.1 is summarised in Table 3.1. The main flux path for radial 
topology is radial across the airgap into the stator, then peripheral along the stator 
core, again radial across the airgap into the rotor and peripheral along the rotor 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
(b) Axial flux (a) Radial flux 
3. Review of electrical machines 
Table 3.1: Longitudinal concepts 
Topology Flux path Motion of rotor 
Radial 
Axial 
Radial peripheral 
-cial #ý peripheral 
Peripheral 
Peripheral 
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core. The main flux path for the axial topology is axial across the airgap into the 
stator, then peripheral within the stator, again axial across the airgap into the rotor 
and peripheral within the rotor. The direction of motion is always peripheral for 
the rotary machines. In the above cases, as a portion of main flux path is in the 
direction of motion, they are grouped as longitudinal machines. 
The counter-part of the longitudinal machines axe known as transverse 
flux machines (Weh & May 1986, Hoffman et al. 1988) as shown in Figure 3.2. The 
(a) Radial flux 
Figure 3.2: Týansverse flux machines 
winding 
main flux path of the machine in Figure 3.2(a) is radially across the airgap into 
the stator, axially in the stator core, again radially across the airgap into the rotor 
and axially within the rotor. For the machine in Figure 3.2(b), the flux path is 
almost same as the previous case, except the fact that the airgap flux is in the axial 
direction. Both cases axe summarised in Table 3.2 and show that the direction of 
motion is always perpendicular to the main flux path, thus the name 'transverse 
flux machines'. 
Table 3.2: Ttansverse flux concepts 
Topology Flux path I Motion 
Radial 
Axial 
Radial axial 
cial 4=:; ý. radial 
Peripheral 
Peripheral 
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Though the torque density of these machines is higher than the longi- 
tudinal machines, they suffer from high leakage flux leading to a low power fac- 
tor (Mitcham & Cullen 1995, Harris & Pajooman 1995, Henneberger & Bork 1997, 
Anpalahan 1999, Anpalahan 2001, Anpalahan et al. 2001). Due to the high leakage 
flux, synchronous inductance of the machine will also be high. Consequently the 
voltage regulation will be poor for this particular generator application. ý In addition, 
since the stator is made of small stator cores the assembling process is cumbersome. 
Because the individual stator cores have to be made of steel laminations or compos- 
ite powder material in order to reduce iron losses, and then these cores form a whole 
stator by securing them in positions by means of bolts and nuts or bonding. The 
whole structure may be mechanically weaker compared to the stator core of conven- 
tional synchronous or inductions machines. No further analysis will be presented 
due to these major dTawbacks of the machines. 
3.1.6 Source of field 
Though the final category is not commonly considered as two distinctive groups in 
the literature it is taken into account as this will help in the selection process. This 
is based on the source of field in the rotor. The sources can be current-fed coils or 
permanent magnet (PM). They axe known as a wound-rotor and a PM rotor machine 
respectively. There will be copper losses due to the resistance of coils in the wound- 
rotor (Rosu et al. 1998a, Rosu et al. 1998b, Rosu et al. 1998c). It is required to have 
an arrangement of slip-rings with brushes to feed current to the coils mounted on 
the wound-rotor. This leads to additional losses and frequent maintenance as in the 
case of brushed DC machines. Due to these draw-backs, only PM rotor machines 
will be taken into the analysis. 
3.1.7 Summary 
There can be sub-categories within the groups described above, for example AC ma- 
chines can be divided into single-phase, three-phase and poly-phase machines, and 
asynchronous machines can be squirrel-cage or wound-rotor. In addition further sub- 
categories can be made within some of main categories using another main category, 
for example AC machines can be radial flux machines or axial flux machines. 
In addition to these categories, there is another category called switched 
reluctance machines. In general switched reluctance machines does not have self- 
excitation capability (Nedic & Lipo 2000). However they can be excited using 
permanent magnets (Nedic & Lipo 2000), or battery (Abouzeid 1995), or DC link 
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capacitor (Schofield & Long 2005) with power electronic controller. In order to 
minimize the number of power electronic components and complexity due to them, 
switched reluctance machines axe considered unsuitable for this application. 
Figure 3.3 shows a summarised list of electrical machine categories and 
the basis on which the division is made. Only AC, synchronous, rotary, permanent 
Figure 3.3: Electrical machine topologies 
magnet, longitudinal machines are considered further for in-depth analyses. The 
other categories are neglected due to either draw-backs of their own or unsuitability 
for the requirement as described above. 
3.2 Comparison of radial flux machines and axial flux 
machines 
In this section a comparison between radial flux permanent magnet machines and 
axial flux machines is briefly presented. In (Dubois et al. 2000) a comparison be- 
tween different electric machine topologies from 60 different machine prototypes 
built or designed by numerous authors was discussed based on torque density and 
cost per unit torque. In general power rating of electrical machines can be increased 
by increasing their rotational speed (Pullen et al. 1999, Pullen et al. 1996). Rota- 
tional speed was decoupled when the comparison of electrical machines of different 
rotational speeds is made. In the comparison radial flux surface-mounted PM ma- 
chines, radial flux PM machines with flux concentration, torus type axial flux PM 
machines, transverse flux PM machines, 'and axial flux interior PM slotted type 
machines axe discussed. From the analysis it was found that the torque density of 
the axial flux slotted type PM machine is more than twice of that of radial flux 
surface PM machine or torus type axial flux machine while the cost per torque is 
less than half that of the others. Even though the transverse flux machines perform 
better than the other types in terms of torque density and cost per torque, they 
axe not considered for this applications because of their shortcomings discussed in 
Section 3.1.5. 
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In (Dubois et al. 2001) radial flux PM machines and axial flux PM slotted 
type machines axe compared based on again the torque density and cost per torque. 
The machines are optimized for cost per torque using a computer based design 
model. It has been found that the torque density of the axial flux machine is 2 to 5 
times higher than that of the RFM. But thd cost per torque is lower for the RFM- 
In (Cavagnino et al. 2001, Cavagnino et al. 2002) axial flux PM machines 
and radial flux PM machines are compared based on thermal considerations. Elec- 
tromagnetic torque and torque density axe compared keeping overall volume, losses 
per unit surface area, and the airgap flux density constant for both cases. It was 
concluded that the axial flux machines are more suitable when the number of poles 
is greater than 8 and the axial length is short (the ratio between axial length and 
outer diameter less than 0.3) 
In (Sitapati & Krishnan 2001) variants of axial flux machines with slot- 
ted, slotless, single airgap and dual airgap are compared with radial flux PM ma- 
chines of power ratings of 0.25,1,3,5 and 10 kW. At each rating of the machines 
slot fill factor, flux densities in the airgap, teeth and yoke, wire size, and phase 
resistance were held constant or approximately constant. All of the designs use high 
energy rare-eaxth sintered NdFeB magnets and use constant voltage of DC 375 V. 
The 0.25 kW machines has the rated speed of 1000 rev/min and 2000 rev/min as 
maximum no-load speed and uses 12-slot 8 pole combination. While all the other 
designs has the rated speed of 2000 rev/min and 3000 rev/min as maximum no-load 
speed and uses 24-slot 8 pole combination. The comparison was made using required 
copper, steel, and magnet weights, copper and iron loss, moment of inertia, torque 
per unit moment of inertia, power per unit active weight, and power per unit active 
volume for five different topologies and five different power ratings. The power den- 
sity of axial flux machines, in the range of 0.5-8 MW/0, are higher than the radial 
flux machines, in the range of 0.5-1.5 MW/m3, while the weight of steel required 
for AFM is less than that for RFM. Slotless; AFM require more magnet material 
than RFM due to laxge electromagnetic gap while slotted AFM require less magnet 
material than RFM. Total electromagnetic losses, Le iron and copper losses, in dual 
airgap AFM is in the range of 25-625 W while that of the RFM is in the range of 
20-325 W. The weight of iron required in axial flux machines is also found to be 
lower than that in RFM leading to lower active weight in axial flux machines. 
When the comparison is made between radial and axial flux machines, 
the forces acting on the whole machine and on its individual components need to 
be considered. Figure 3.4 shows the forces acting on axial flux machines and radial 
flux machines, in both cases single-sided and double-sided configurations, in the 
stationary position. Figure 3.4(a) shows the forces acting on a single-sided AFM. 
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Figure 3.4: Comparison of forces acting on radial and axial flux machines 
There is a resultant force acting on the rotor and the stator along the centre of the 
axis of rotation. However, in theory, in the case of single sided radial flux machines, 
as in Figure 3.4(b), the forces act towards on the stator or away on the rotor from 
the centre of the machine, thus cancelling opposite forces leading to a null resultant 
force on the stator and the rotor. In the case of double-sided or double-airgap 
configurations of axial flux machine, as shown in Figure 3.4(c), the force on the 
rotor which is between two stators is zero in theory, or a very small in practice due 
to any misalignment caused due to manufacturing tolerances. However the stators 
experience a resultant force. Figure 3.4(d) shows a double-airgap radial flux machine 
that also does not exert any resultant force on its rotor or stator. 
Design and Analysis of Permanent Magnet Electrical MacMnes for HEVs ýi N 
(a) Single-sided AFM (b) Single-sided RFM 
(c) Double-sided AFM 
3. Review of electrical machines 50 
Using the dual airgap variants of the axial and the radial flux machines 
(Qu & Lipo 2003), more power per unit mass or unit volume can be obtained by 
utilising the available space. However in case of the dual airgap radial flux machines 
the configuration features complexity. Furthermore the stator inside the rotor (Fig- 
ure 3.4(d)) is not exposed to the surrounding thus leading either to operate the 
machine at low current loading in order to decrease heat which is created by the 
losses in the stator or to develop a sophisticated cooling arrangement within the 
rotating rotor in order to operate the machine at high current loading to increase 
power capacity, adding more complexity to the overall configuration. But this draw- 
back is not present in the dual airgap axial flux machine shown in Figure 3-4(c) as 
both stators are easily accessible leading to a simple structure and either a simple 
cooling arrangement or a naturally ventilated arrangement with the stators exposed 
to the environment. 
Having analysed the advantages of the axial flux machines, in the next 
section a more detailed literature review is presented. 
3.3 Axial flux'machines 
In this section axial flux machines, of longitudinal type, are given beginning with a 
brief historical background and then details about different configurations. 
3.3.1 Historical background 
ll)-t. 
Figure 3.5: First electrical generator 
Figure 3.5 shows the configuration of world's first electric generator 
(Caxpenter 1999). Most interestingly, it is an axial flux type. Nevertheless the axial 
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flux type has not evolved further. This may be due to manufacturing limitations. 
The radial flux type has been dominant ever since. But the last few decades has seen 
the revival of axial flux machines, mainly due to the developments in manufacturing 
technology. 
3.3.2 Configurations 
Axial flux machines (Chan 1987) can be grouped into torus type (NN-type) (Spooner 
et al. 1991, Spooner & Chalmers 1992) and through-flux type (NS-type) axial flux 
machines with two outer rotors and single stator in the middle. Axial flux machines 
having single stator and single rotor is not a common type due to axial attractive 
force acting on both structures. The torus-type is shown in Figure 3.1(b). Figure 3.6 
shows the through-flux type axial flux machines. The through-flux variant can be 
made in a configuration where the rotor sits between two stators. All of the variants 
can be stacked to construct modulax structure. 
3.3.3 Torus axial flux machines 
In this type of AFMs(Spooner et al. 1991, Spooner & Chalmers 1992, Chalmers 
et al. 1999) the stator consists of a simple winding structure, and a short end- 
winding. However the axial length of the stator is long (Huang et al. 2001) due to 
the peripheral return path within the stator. The stator of torus type AFMs can 
be of coreless, or cored with ferromagnetic materials. The core can be of slotless, or 
slotted (Cirani 1999, Cirani 2002) category. The coreless and slotless configurations 
require more magnet material because of the large electromagnetic airgap. This leads 
to increased cost and increase in axial length. The thickness of the ferromagnetic 
material in the middle of the cored-configuration needs to be long enough to avoid 
saturation in the material. This leads to an increased axial length. 
3.3.4 Through-flux axial flux machines 
This type does not require a peripheral flux return path, thus the axial length is 
shorter than that of the torus type. Through-flux AFM also can be categorized as 
coreless (Pullen et al. 1999, Pullen & Kulkaxni 1999, Pullen 2002), slotless and slotted 
types (Campbell 1974, Amaratunga et al. 1985). The slotted type does not require 
as much magnet material as for the other two types since the electromagnetic airgap 
is small. This leads to reduced cost and less axial length than any other category. 
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Figure 3.6: Simple through-flux axial flux machine 
In this type the armature winding of the stator can be either double-layer 
distributed type or concentrated type (Hirzel 2003). The distributed type has long 
end-winding whereas the concentrated type has short end-winding. Due to the long 
end-winding the distributed type is bigger in size than the other and copper losses 
are also higher reducing the efficiency. 
In the following section the electrical machine topologies are surnmarised 
by presenting the relative advantages and disadvantages. 
3.4 Summary 
Taking radial flux permanent magnet as a reference, the other types of electri- 
cal machines are assigned + or - for the output parameters efficiency, torque den- 
sity (Nm/m 3), specific torque (Nm/kg) and cost to show the relative merits of each 
parameter. 
When efficiency is taken into account generally PM machines performs 
better due to that field winding, consequently loss, is no longer present. In DC 
machine, there are losses in field winding and commutators, mechanical or electronic 
ones. However if it is DC machine with permanent magnet excitation, efficiency can 
be improved. Wound rotor synchronous machine has lower efficiency due to losses 
in field winding. Transverse flux machine has poor efficiency due to its high leakage, 
in spite of its permanent magnet excitation. Efficiency of axial flux machines (PM) 
is generally very close with radial flux machines. However, in most cases, axial flux 
machines are constructed in dual or multiple airgap to minimise effects of axial force. 
This leads to better utilisation of materials, thus improving efficiency. 
If torque density and specific torque are considered, again PM magnet 
machines show better characteristics due to that volume and mass of field winding 
are higher than those of permanent magnet. Transverse flux machines show better 
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torque density and specific torque when compaxed to radial flux PM machine because 
competition for space between electric loading and magnetic loading are minimised 
(Weh & May 1986). As compared in Section 3.2, axial flux machine show better 
torque density and specific torque. Torque density of through-flux axial machine may 
be better due to the elimination of flux return path either in rotor, if middle-rotor 
configuration, or in stator, if middle-stator configuration. Thus reduced volume, 
and better torque density. 
When cost comparison is made, cost of permanent magnets is predom- 
inant on overall cost. DC machine, wound rotor synchronous machine are cost 
effective in this manner. Further more they are also matured technologies compared 
to axial flux and transverse flux machine. Since stator cores of transverse flux ma- 
chine is made of individual cores, thus leading to complexity and costly measure, as 
a result poor cost factor. 
Table 3.3: Comparison of electrical machine topologies 
Topology Efficienc y 
Torque 
density 
Specific 
torque 
Cost 
Radial flux PM machine Ref. ReL Ref. Ref. 
DC machine ++ 
Wound rotor synchronous machine + 
'ftansverse flux machine (PM) --- +++ ++ 
Torus PM axial flux machine + + + 
Through-flux PM axial machine + + + 
As summarised in Table 3.3, through-flux axial machine topology has ad- 
vantageous characteristics and so was chosen for further analysis. The cost is higher 
than the radial flux machine, because they are still not mass-produced. However 
the cost will come down when they undergo mass production. 
, 
In the following chapters, concentrated winding type and double-layer 
distributed winding type axial flux machines are discussed in detail with finite ele- 
ment analysis. 
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Having selected the appropriate electric machine topology, it is vital to select suit- 
able materials. (Wilder 2005) analyses the usage of suitable materials for electric 
machines in electric ships highlighting how the characteristics of efficiency, power 
density, torque density, fault tolerance, mechanical robustness, temperature, noise, 
maintenance, cost, and acceleration are influenced. However for general applications, 
the following characteristics axe more sensitive to the properties of the materials used 
in electric machines: 
" Efficiency 
" Power density or specific power 
" Mechanical robustness 
Temperature 
Noise 
4m Maintenance 
0 Cost 
Efficiency is affected by the losses incurred from electrical, magnetic, and physical 
properties of the materials. The electrical losses result from resistive (ohmic) losses 
in the conducting mediums and eddy current losses when a conducting medium is in 
a changing magnetic field. Hysteresis losses are due to the magnetic nature whereas 
friction-losses are due to the physical chaxacteristics of materials under motion. 
Power density and specific power axe influenced by loss and cooling ca- 
pacity. 
Mechanical stiffness of electric machines is primarily characterised by the 
material used for the yoke of a machine, casing, shaft etc. Thermal behaviour is 
dominated by the lossy nature of the materials and their thermal properties. Noise 
and maintenance is due to the physical properties whereas cost is determined mainly 
by the availability of raw materials, and transforming the raw materials into usable 
form suitable for electrical machines. 
Having looked at how the properties of materials can influence the per- 
formance of electrical machines, the next stage is to examine the properties of mate- 
rials. Ferromagnetic material, permanent magnet materials and other materials for 
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electrical conduction and insulation, and thermal conduction are described by high- 
lighting the properties that have considerable effect on the performance of electrical 
machines. 
4.1 Ferromagnetic materials 
The selection of ferromagnetic materials primarily depends on their ability to mag- 
nify the flux, defined as permeability of the material, and the saturation level of the 
flux density. Figure 4.1 compares the magnetic characteristics of steel, soft magnetic 
composite (SMC) (116gands 1997) and air. However SMC is also used in some types 
of electrical machines due to feasible manufacturing processes or where the main 
flux path includes a third dimension. In order to improve the permeability of steel, 
reduce the eddy current related losses and lower hysteresis losses, iron is alloyed 
with other elements like silicon (Hadfield 1903). 
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Figure 4.1: Comparison of magnetisation characteristics 
80000 
The permeability of steel is much greater than that of SMC and air for the 
same amount of magneto-motive force due to either current or permanent magnet. 
This is one of the advantages of electric machines with ferromagnetic cores. However 
the characteristics are non-linear above a certain level and limited by the saturation 
level. In general ferromagnetic materials with high permeability and high saturation 
level flux density are favoured. 
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Figure 4.2: Hysteresis of ferromagnetic materials 
However when ferromagnetic materials are subjected to an alternating 
magnetic field, they show a hysteresis effect, Figure 4.2. Power lost due to the 
hysteresis, is dependent on the peak value of flux density, and is given by the area 
enclosed by the hysteresis loop. The loops shown in Figure 4.2 represent how peak 
values influence the hysteresis losses. A lower peak value leads to a smaller area 
of the loop. Due to the electric conducting nature of ferromagnetic materials, eddy 
currents axe created by the voltage induced under the changing magnetic field. Power 
loss by the eddy currents and hysteresis effect are commonly referred as coreloss, and 
usually included in the data from manufacturers for various level of flux density and 
frequency of alternation. Figure 4.3 shows the variation of coreloss with frequency 
for different SMC materials and steel laminations. The SMC materials are assigned 
various grades depending on the production method or mixture of composites. These 
are labelled in Figure 4.3 prefixed with SMC. The last two denote steel laminations 
of different thickness. 
By comparing the magnetisation characteristics (Figure 4.1) and coreloss 
(Figure 4.3), steel is a preferable option to SMC. 
There are other ferromagnetic materials (Beckley 2002) such as nickel- 
irons, cobalt iron, amorphous metals etc. used to improve the characteristics and 
minimise power loss. However due to cost restrictions they axe not used in general 
applications. 
In our case, steel lamination alloyed with silicon, Grade EN 10106 M330- 
35A, is used. However if the cost is not a major factor, other materials can be 
used. 
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4.2 Permanent magnet materials 
Introduction of new permanent magnet materials with'increased remanence flux 
density has paved the way towards increasing the power density or specific power of 
electrical machines (Huang et al. 1998). Figure 4.4 (Magnet Applications Ltd 2005) 
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Figure 4.4: Demagnetisation chaxacteristics of permanent magnets 
shows the normal (solid line) and intrinsic (dotted line) demagnetisation curves of 
33UH permanent magnet and how it varies with its operating temperature. For an 
electrical machine with a field generated by permanent magnets, the demagnetisa- 
tion curve is an important characteristic to be taken into account to determine the 
operating point of the permanent magnets and avoid the magnets being irreversibly 
demagnetised. 
Permanent magnet materials can be grouped into four major categories, 
namely AlNiCo, Samarium-Cobalt (SmCo), Neodymium-Iron-Boron (NdFeB) and 
Ferrite. Remanence flux density B, maximum energy product BH,,,., and max- 
imum operating temperature T,,. of the four groups are compared Table 4.1. 
In the design of electric machines permanent magnets with high remanent 
flux density, high energy density, and high operating temperature are preferred so 
that the machines can be made power dense with less magnet material. - NdFeB 
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Table 4.1: Comparison of permanet magnets 
Type B, - (T) BH ...... (kJ/0) T,,.., (*C) 
Sintered NdFeB 1.28 318 150 
Sintered SmCo 1.05 207 250 
AlNiCo 1.25 44 540 
Sintered Ferrite 0.27 13 300 
magnets have been selected in spite of lower operating temperatures than the other 
magnet materials. Hence care must be taken not to irreversibly demagnetise magnets 
due to increasing temperature in a high strength axmature reaction magnetic field. 
For example, if operating point of magnet determined by the magnetic circuit is 
(400 kA/m, 0.6 T) at 20 'C as shown in Figure 4.4, this will change to about (400 
kA/m, 0.36 T) at 180 'C provided that the field intensity remains unchanged. At 
this 180 *C ýondition a smaller armature reaction field can demagnetise the magnet 
moving the operating point down the knee-point. 
4.3 Other materials 
The best performance can be obtained from electric machines by carefully exploiting 
materials for electric conduction with the highest possible electric conductivity, for 
electrical insulation with a high insulation property, and for thermal conduction 
with high thermal conductivity. In some cases it is required to select materials with 
a combination of the properties. ' For example if the materials used for insulation 
are also a good thermal conductor then a good cooling can be achieved. However 
generally electrical insulators are not good thermal conductors. 
Standaxd materials commonly used in electrical machines, for example 
mylar film for slot insulation and enamelled copper wires for stator winding, were 
used for the electric insulators and electric conductors in the prototype. 
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Having established the advantages of axial flux machines compared to the other 
topologies, an axial flux machine with concentrated winding configuration was anal- 
ysed in order to share the same knowledge and technology with another HEV re- 
search project (Walker et al. 2002, Walker et al. 2003, Lamperth et al. 2005) within 
the research group at Imperial College. In this chapter the methods used to adapt 
the axial flux machine to the requirements of ULEVTAP2, as in Section 2.5, are 
described, after giving a brief description about the Mild-hybrid power project and 
machine (Coles et al. 2004). 
5.1 Mild-hybrid power project 
The mild-hybrid power (MIHPOW) project focuses at developing a mild hybrid 
powertrain for a delivery truck of 7.5 tonne by using an internal combustion engine 
with an axial flux motor-generator between the engine and the gearbox to form 
the powertrain. It has been developed based on the parallel hybrid powertrain 
technology as described in Section 1.2.2. Batteries axe used for energy storage. 
The electrical machines is required to operate either in motoring-mode or 
in generating-mode. The motoring-mode is required to assist the ICE in propulsion. 
The generating-mode is needed when the batteries require re-charging during an 
idling period or during regenerative braking. The machine is to have the nominal 
power capacity of about 20 kW at a speed of 2000 rev/min in the motoring-mode 
and of about 6 kW in the generating mode. The details of the project have been 
published (Lamperth & Anpalahan 2006a, Lamperth et al. 2005, Walker et al. 2004, 
Walker et al. 2002, Razavi et al. 2003). 
5.2 Concentrated winding AFM 
Figure 5.1 shows the single-module version of the through-flux concentrated-winding 
three-phase axial flux machine (Coles et al. 2004, Hirzel 2005) that consists of a 
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Stator core 
Mild steel rotor core 
Aluminium spider 
NdFeB 
I 
Figure 5.1: Concentrated winding through-flux AFM [adapted from (Nordlund 
et al. 2005)] 
stator between two 12-pole rotor disks. The stator consists of 18 cores. Around 
each core, two concentric coils are wound. Coils of different phases are placed 120 
electrical degrees from the adjacent phase. Geometrical parameters are given in 
Table 5.1. The stator cores are made of soft-magnetic composite (SMC) powder 
material (Mganýs 1997). The powder material is selected in order to avoid eddy- 
current losses due to three-dimensional behaviour of electromagnetic fields for such 
a configuration. 
Table 5.1: Parameters of concentrated winding AFM 
Description Value 
Outer diameter (mm) 330 
Inner diameter (mm) 190 
Number of poles 12 
Pole are 
2 
3 
Pole height (mm) 4 
Rotor core thickness (mm) 15 
Remanence of magnet (T) 1.29 
Relative permeability of magnet 1.05 
Airgap length (mm) 1.0 
Stator Material Somaloy 500 
Rotor Material Mild Steel 
Number of stator slots 18 
Axial thickness of stator core (mm) 30 
Number of coils 36 
Number turns/coil 50 
Diameter of coil conductor (mm) 1.5 
Number of strands per turn (mm) 1 
Slot depth (mm) 12 
Slot width (mm) 27 
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In order to adapt the axial flux generator to the requirements of ULEV- 
TAP2 an equivalent circuit analysis was carried out using the electrical parameters 
such as open-circuit voltage, resistance, inductance etc. The physical electromag- 
netic structure was kept unchanged. The equivalent circuit analysis is described 
below. 
5.2.1 Equivalent circuit analysis 
The parameters, primarily open circuit voltage, inductance, and resistance of coil, 
obtained from (Coles & Rodger 2003, Coles et al. 2004) and (Anpalahan 2005) were 
used in the analytical model. The per-coil values of the open circuit rms voltage of 
129 V, the inductance of 1.487 mH, and the resistance of 123 mQ axe used as input 
parameters for the equivalent circuit. In order to meet the voltage requirement the 
number of turns in the coil is changed while keeping the other parameters such as 
geometric dimensions and type of permanent magnet and other materials unchanged. 
As the electrical parameter requirement and the speed requirement are 
different for the two research projects, the parameters are expressed in terms of the 
speed as in Equations (5.1), (5.2) and (5.3): 
Ebase Kewe (5.1) 
wý 27r 
nn Np (5.2) 
60 2 
Xbase WeLban (5.3) 
Where, Ebase, K, w, nn, Npi Xbase, Lbase and Rbase are no-load induced voltage 
at 2000 rev/min, emf constant, electrical frequency in rad/sec, mechanical frequency 
in rev/min, number of poles in rotor, reactance, inductance and resistance of the 50 
turns coil respectively. By using the no-load induced voltage at 2000 rev/min, the 
emf constant calculated was 0.06844 V/(rad/sec) according to Equation (5.1). 
There are 36 coils in the three phase generator, thus there will be 12 
coils in each phase. To obtain the phase voltage the coils can be connected either in 
series or in paxallel. If all 12 coils are connected in series, the full phase current will 
phase through each coil, so that "effective" line cross-sectional area is the conductor 
cross-sectional area. If the conductor current density is then too high the size of 
the conductor is increased to the current density while keeping the line current 
same. But depending on electrical frequency, skin effect will become present, so the 
effective cross-sectional area will reduce again. Connecting all 12 coils in parallel may 
create circulating currents within between the coils if there are any imbalance in the 
induced voltages. It is best to use a combination of paxallel and series connection in 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
5. Analysis of axial flux machines 63 
the phase circuit. For example Figure 5.2 shows a stax-connected three-phase circuit 
with each phase containing 6 paxallel branches of 2 series connected coils. Letting 
Figure 5.2: Combination of series, parallel connection of three phase circuit 
Kp,, and K., represent the number of parallel circuits per phase and the number of 
series coils in each parallel branch respectively, the values for reactance, resistance, 
and induced-emf were redefined to obtain per phase values. Reactance, resistance 
and induced emf per phase can be expressed respectively as, 
Xbe: 
ýýt--' 
(5.4) 
2 
-. 
Kp, 502 
R=K., Nturn PCufturn (5.5) Kp, Aturn 
E=K,, Eb,,,, Nturn (5.6) 
50 
Nturni PCut iturnt and Aturn are the number of modified turns per coil, resistivity of 
copper, length of a single turn and cross-sectional axea of a single turn respectively. 
The cross-sectional area of the single turn is a function of Nturn and fill-factor of 
conductors in the slot, as the slot area is kept constant in the analysis. The derived 
parameters as in Equations 5.4,5.5 and 5.6 were used in a per-phase equivalent 
circuit as shown Figure 5.3. In order to meet the power requirements the power curve 
of the diesel engine, an Audi V8, was represented by mathematical equations. All 
equations were written in a MATLAB program and the induced-emf, output current, 
terminal voltage and the corresponding output power were taken as outputs of the 
program by varying the number of turns in the coils to match the power delivered 
by the diesel-engine. 
Using the mechanical speed of the diesel engine as a starting parameter, 
corresponding power and induced emf can be obtained using the power curve and 
Equation 5.6 respectively. Using the initial line current calculated from the power 
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Figure 5.3: Electrical machine per-phase equivalent circuit 
and the induced emf, per-phase values of resistance and reactance, the terminal 
voltage was calculated. An updated line current was calculated using the terminal 
voltage and the power. With the updated line current, an updated value for terminal 
voltage was calculated. The last two steps were repeated until the value for line 
current converged. 
The procedure was performed for the mechanical speed from 
1000 rev/min to 3500 rev/min. Rom this analysis it has been found that the 
short-circuit condition, i. e. the voltage drop across the stator winding resistance and 
reactance is equal to the induced emf, occurs beyond the speed of 1850 rev/min. 
This is due to the high current drawn to match the power. The high current causes 
a voltage drop across the inductance and the resistance. When the voltage drop is 
equal to the induced emf the terminal voltage becomes zero leading to the short- 
circuit condition. This condition can be avoided by minimising the inductance and 
resistance values by adding another module of the same machine and making the 
electrical phase circuit of the modules in parallel connection. 
Since there are 12 coils per phase in a single module machine, double 
module and triple module machines were included in the model simply by changing 
the number of coils per phase to 24 and 36 respectively. This is valid only in the 
ideal case where the interaction of the magnetic leakage field between the modules 
is neglected. 
The number of turns in each coil was varied from 4 to 160 in steps of 2. 
From the analysis, in order to reach the voltage requirement, 144 turns need to be in 
series. This can be achieved by having a single 144-turn coil and 24 parallel circuits, 
or 12 series connected coils of 12 turns and 2 parallel circuits. As previously described 
an increased number of parallel circuits in each phase is not the preferred option 
because of the difficulty in obtaining exactly balanced voltage. Slight imbalance in 
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the circuit can create circulating currents. Coils with a reduced number of turns 
leads to a larger cross sectional area of the coils if the coils are made of thick 
conductors. This is also not preferred because of the skin-effect, where the current 
in a thick conductor tends to flow only through a part of whole cross-section due 
to alternating magnetic field. As a compromise between the two cases, 4 parallel 
circuits of 6 series connected coils of 24 turns can be used. 
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Figure 5.4: Power analysis for double modular concentrated winding AFM 
Figure 5.4 shows the output characteristics of the double modular ma- 
chine with respect to the engine speed. Minimum, nominal and maximum voltage 
requirements and corresponding speeds are shown. Load current and power deliv- 
ered at these positions are also marked. The current density of copper varies between 
7.5 Amin -2 and 11.5 Amm -2 . This may be difficult to cool, especially in the case of 
the internal stator configuration where stator winding is embedded in epoxy resin, 
thus reducing its thermal conductivity. 
The same analysis was repeated for a triple modular machine. It was 
found that 132-turns need to be in series for this case. The reduction in the number 
is due to the fact that the voltage drop across the reactance and resistance in the 
equivalent circuit is lower because of a reduced current density. 
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Figure 5.5 shows the output chaxacteristics of a triple modular machine. 
An optimum choice for the three-stack machine is 6 parallel circuits of 6 series 
connected coils of 22 turns. In this case, the maximum value of the current density 
of copper is around 7.5 Amm-'. This can be cooled with a forced-air cooling method. 
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Figure 5.5: Power analysis for triple modulax concentrated winding AFM 
The results are summarised in Table 5.2. The analysis presented above 
has been published (Anpalahan, Walker, Tsakok, Etemad & Lamperth 2004). 
Table 5.2: Equivalent circuit parameters for ULEV-TAP 2 axial flux machine 
D i ti 
Values 
escr p on Two module AFM Three module AFM 
Turns per coil 24 22 
No. of series coils 6 6 
No. of parallel branches 4 6 
Phase resistance (Q) 0.04640 0.02599 
Stator inductance (mH) 0.514 0.288 
Speed range (rev/min) 2050-3400 2090-3520 
Nominal speed (rev/min) 2890 2960 
Generator phase voltage range (V) 225-385 225-385 
DC Link voltage range (V) 525-900 525-900 
Generator nominal phase voltage (V) 321 321 
DC Link nominal voltage (V) 750 750 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
5. Analysis of axial flux machines 67 
5.2.2 Prototype & further analysis 
A single modular prototype shown in Figure 5.6 has been built in-house and the 
details about the construction of stator was published (Anpalahan, Walker, Tsakok, 
Meister & Lamperth 2004). The stator cores and coils, as shown the CAD model in 
Figure 5.1, were placed between two stainless rings and bonded together by using 
Eccobond 144A epoxy resin in two stages in order to form a space between the 
axially adjacent coils. The space is used to blow air between the coils through the 
vents. 
Insulation-tape wrapped winding 
Vents for air (18 Nos) 
Inner ring 
Outer ring 
; 'End terminals 
Figure 5.6: Prototype stator of concentrated winding AFM 
The generator was tested on the dynamometer. The open-circuit voltage 
of each coil was measured and data-logged using the power analyser PM3000A. 
In Figure 5.7 the measured open-circuit voltage at different electrical frequency is 
compared with those obtained using 2D and 3D FE analyses. 
The electrical frequency of 50 Hz corresponds to the mechanical rev- 
olution of 500 rev/min. Table 5.3 compares the open circuit voltages at various 
frequencies obtained from different methods with repect the corresponding 3D FEA 
voltages. The measured data and the data from 2D FEA match very well though it 
was expected a best match with that from 3D FEA. In addition it was not possible 
to do the measurements beyond 500 rev/min because of the temperature rise of 85'C 
experienced in the stator at open-circuit condition. 
When the experiment was repeated it has been found that the no-load 
voltage was nearly 60% of the value obtained in the earlier tests. The reason was 
found to be that the field strength of the magnets has reduced due to the tem- 
perature rise that occurred during the first experiment. The maximum operating 
temperature of N42H sintered NdFeB magnets is 120'C. If the stator has experi- 
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Table 5.3: Comparison of open circuit voltages of concentrated winding AFM 
Fre uenc (Hz) 
Error (%) 
q y 2D FEA Measured 
20.0 -10.4 -12.8 
40.0 -10.9 -13.3 
60.0 10.4 -14.7 
72.2 -10.6 -17.7 
enced a temperature rise of 85'C at open-circuit condition, the temperature of rotor 
must have been more than stator temperature rise. At open-circuit condition, i. e. 
when there is no current drawn from the generator, losing magnet field strength due 
to temperature rise should not occur. Hence a further investigation was required to 
understand this phenomena. 
In the proceeding paragraphs the reason for this case is analysed using 
the finite element simulation. Flux variation in the rotor of conventional permanent 
magnet machines is usually negligible due to the fact the permanent magnets ýCsee" 
flux path of nearly constant reluctance at any position of the rotor. Because of 
this the rotor core can be made of solid steel instead of laminations. However the 
magnetic structure of the concentrated winding AFM varies from conventional type 
PM machines. 
Figure 5.8 shows the slice extracted for a 2D finite element analysis con- 
sidering geometric and electromagnetic symmetry. 
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Figure 5.8: Concentrated winding through-flux AFM 2D FE model 
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Figure 5.9: Airgap flux density of the concentric winding AFM 
Figure 5.9 shows the distribution of airgap flux density in the entire 
airgap surface bounded by inner radius of the magnets and the radius that includes 
the outer end-winding. The plot describes more than one negative and positive peaks 
in its each electrical cycle. This is because the reluctance of the path of magnet flux 
is not uniform. Referring to Figure 5.8, at any instant the magnet "sees" reluctance 
of the core and the reluctance of the slot since there are three cores and three slots 
for two magnets with the ratio, between the magnet width and the pole pitch, of ý3 ' 
When the rotor rotates the reluctance of the magnetic circuit varies con- 
siderably. Hence the flux from the magnets varies with the rotation of the rotor. 
The flux density variation at a point on the magnet surface in open-circuit condition 
is shown in Figure 5.10, where three cycles represent 360 electrical degrees because 
each magnet will see three stator cores in every electrical cycle. Highest flux density 
occurs when centre of magnet and centre of core are aligned, while lowest flux den- 
sity occurs when centre of slot and centre of magnet are aligned. The waveform is 
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Figure 5.10: Vaxiation of magnet flux density 
slightly flat when the flux density is high. This is due to that, referring Figure 5.8, 
complete cross-section of stator core sees magnet longer than the complete cross- 
section of slot. Such a huge variation at the open-circuit condition will create eddy 
currents in conducting materials in the rotor. This phenomena explains why the 
experimental results in Figure 5.11, which is a close look-up of Figure 5.7, were less 
than the results from 3D FE analysis with increasing frequency. Due to the eddy 
currents in the rotor there is a counter-acting flux to the flux from the permanent 
magnets. 
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Figure 5.11: Variation of measured open-circuit voltage with frequency 
In addition when current is drawn from the armature winding the flux 
distortion will be even more. This may push the operating point of the permanent 
magnets beyond the knee point on the demagnetisation curve of the PM, conse- 
quently the permanent magnets will be demagnetised. This phenomena is verified 
further. 
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Table 5.4 compaxes the typical conductivity of different materials used 
to construct the components of the rotor as in Figure 5.1. 
Table 5.4: Conductivities of rotor materials 
Component Material Conductivity (S) 
Rotor core Mild steel X 106 6 
Magnet NdFeB 7X 105 
Holder-ring Aluminium 1 2X 107 
Taking the conductivities into consideration a 2D FE analysis was carried 
out for three different conditions. Figure 5.12 shows the total loss at 3000 rev/min 
for the single module for all three cases. 
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Figure 5.12: Rotor losses at open-circuit condition 
In the first case where all conductivities were taken into consideration, the 
total power loss in the machine is around 24 kW. This makes the machine unusable 
because the machine was originally designed for power of about 30 kW at 2000 
rev/min(Coles et al. 2004), thus leading to more losses than useful available power. 
In addition it is not possible to implement a cooling system in the rotating part to 
take away the power dissipated. Because of this effect the temperature of the rotor 
will be high. High temperature will lead to demagnetisation of NdFeB magnets, in 
this case maximum operating temperature is 120 'C. The magnet holder spider can 
be made of a non-conducting material. But still the mild steel and the magnets 
give the total power loss of around 15 kW. This problem can be further reduced by 
using wound laminations in the place of mild steel. This is not a preferred option 
because mechanical integrity of wound laminations for a rotating part is less. In 
addition, even if this can be tackled the total power loss from the magnets alone is 
around 7 kW. Figure 5.13 shows the plot of eddy currents when only the magnets 
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are conducting. It is still well above typical allowable values. The cause of this 
problem is the varying reluctance of the magnet flux path due to large slot width to 
accommodate the concentrated winding. 
Figure 5.13: Eddy current in magnets 
In order to avoid this problem tooth-tips (pole-shoe) can be included 
on the front of the stator cores. This will reduce the problem to some extent but 
not up to an allowable point. Secondly the permanent magnets can be made of 
segmented magnet axrays instead of a single block. This can reduce the problem 
to a certain extent. Finally bonded magnets may be used. The remanence of the 
bonded magnets is in the range of 0.6 T. This will have impact on the volume of 
the machine and cost. 
Due to the drawbacks of the concentrated winding axial flux machine 
design, it is necessary to look into the possibilities of a different configuration of 
axial flux machines. 
Configurations of stators with ferromagnetic cores are preferred because 
of enhanced airgap flux density and suitability of thermal characteristics to utilise 
simple, but better cooling options. In selecting the topologies, the through-flux 
AFM (Section 3.3.4) has been favoured because of reduced ferromagnetic materials 
compared to the "torus" AFM. By reducing ferromagnetic materials the total core 
losses can be reduced leading to better efficiency. Furthermore, power density or 
specific power can be increased as a result of reduction of ferromagnetic materials. 
Slotted configurations were chosen over the slot-less counterpart because of the same 
reason to chose configurations with ferromagnetic cores. 
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5.3 Axial flux machine with slotted-stator 
re 
Figure 5.14: AFM with slotted-stator 
The configuration consisting of a rotor between two stators was opted 
for as shown in Figure 5.14. This configuration has some advantages compared to 
the configuration described in Section 5.2, where the stator is located in between 
two rotors. As the back-side of the stator core is easily accessible in the former 
configuration, a simple cooling circuit arrangement can be implemented to remove 
the heat generated from the stator which is the major contributor for the total 
power losses in electrical machines. Whereas the other configuration needs a more 
complex arrangement to remove the heat from the stator which is between two 
rotating bodies. Keeping the rotating body between the stator does not require 
any additional shield except a cylindrical casing in case of a failure of a rotor. 
The middle-rotor configuration has only one rotor, thus giving lower windage losses 
whereas the middle-stator configuration has two rotors, thus high windage loss. 
However at low and medium speeds the windage loss is only a small percentage of 
the total losses. Even though having two stators increases the core-loss because of 
added iron mass in the stator yokes, the middle-rotor configuration was selected 
mainly because of the simple cooling arrangement and mechanical assembling. 
A publication (Lamperth & Anpalahan 2006b) was made comparing a 
variant of concentrated winding AFM and the slotted-stator AFM. The next section 
addresses the preliminary analysis of the configuration to determine the general 
parameters. 
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5.3.1 Preliminary analysis 
First and foremost the outer diameter of the stator was preset to 290 mm. taking into 
account of the available radial dimension as discussed in Section 2.6 and the space 
required for the end-winding. With reference to (Campbell 1974) where induced 
emf and electric loading are expressed in terms of outer and inner radii assuming 
that magnetic loading is independent of radial dimension, then power is maximum 
when the relationship between the outer diameter, D,, and the inner diameter, Di, 
of the stator is given by Equation (5.7): 
v13-Di (5.7) 
In practice the ratio between the diameters are kept in between 1.5 and 2.0. The 
inner diameter was approximated to be 170 nun. 
When magnetic loading, electric loading, and operational speed of gener- 
ator are kept constant, the output power of the electrical generator is proportional 
to induced emf which is proportional to the rate of change of flux density, i. e. to 
the electric frequency. The electric frequency is proportional to the number of poles 
for constant mechanical speed. However with increasing electrical frequency, losses 
components such as hysteresis loss in ferromagnetic cores, and eddy current losses 
in steel laminations and electric conductors increase with electric frequency. Thus, 
Fo, t oc Np (5.8) 
Ph oc Np (5.9) 
Fe oc NP2 (5.10) 
77 = 
p"t 
-x 100 (5.11) Pout + Ph + Fe + Pother 
77 = K2N 
KjNp 
-x 100 (5.12) 
p 
2+ K3Np +T4 
where Po,, t, Phi Pei Pothers 77, and Np are output power, hysteresis loss, eddy current 
losses, other frequency-independent loss, efficiency and number of poles respectively 
while K1, K2, K3, and K4 a-re constants. From Equation (5.12), efficiency tends 
to decrease with increasing number of poles. However axial thickness of stator core 
of axial flux generator with constant radial dimensions increases with decreasing 
number of poles in order to avoid saturation in the core. Thus volume and mass of 
axial flux generator tend to increase with decreasing number of poles. Low number 
poles will also force to increase the number of turns in the winding in order to 
meet the voltage requirement. The number of poles in the rotor also set to be 12 
considering the maximum rotational speed, as described in Chapter 2.2, and limiting 
the electrical frequency to be in a medium range. 
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Parametric study of AFM with 
slotted-stator 
In this chapter a brief introduction is given on the principle of finite element 
analysis (FEA) in electromagnetics and about the finite element software MEGA 
(AERC 2003c) used by the author. Then parametric analysis is performed using 
finite element analysis to obtain nominal values for the geometric dimensions. 
6.1 Finite element analysis 
In engineering applications most of the problems can be described by mathematical 
models, with reasonable approximations avoiding much deviations between reality 
and the models, with three sets of partial differential equations namely elliptic, 
parabolic and hyperbolic equations (Sabonnadiere & Coulomb 1987). The solution 
to the sets of partial differential equations, with appropriate initial conditions and 
by discretizing the model into small elements, can be obtained using finite element 
analysis. With the increasing capabilities of computers, most of the complex prob- 
lems can be analysed with finite element analysis using specially dedicated or general 
software. 
In electromagnetics, the partial differential equations to define a model 
are given by the complete set of Maxwell's equations (Equations (6-1), (6.2), (6.3) 
and (6.4) ) and constitutive equations (Equations (6.5), (6.6), and (6.7)). 
V-B =0 (6.1) 
OD 
VxH= j+ 
& 
(6.2) 
V. D=p (6.3) 
OB 
vxE= (6.4) 
B= pH (6.5) 
D= cE (6.6) 
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oE (6.7) 
-IIý-- 
where V, B, H, J, D, E, p, p, c and a are "Del Operator", magnetic flux 
density, magnetic field intensity, current density, electric flux density, electric field 
intensity, electric charge density, permeability, permitivity, and conductivity of the 
medium respectively. 
Since the design procedure of the axial flux machines falls under the low 
frequency region, the displacement current components in Equation (6.2) can be 
considered to have a negligible effect thus reducing the equation to Equation (6.8). 
VxH 
Air 
Ferromagnetic 
material Permanent 
m MR t agnet 
I 
ur 
( 
Current region 
ENon-magnetic 
region 
Figure 6.1: Schematic representation of a simple FE model 
(6.8) 
A simple electromagnetic problem can be represented as shown in Fig- 
ure 6.1 with ferromagnetic material, permanent magnet, current region, non- 
magnetic region and air. In the simple representation the distinct regions do not 
overlap with each other. However in real world applications one region may overlap 
with another region. For example, the permanent magnet and ferromagnetic regions 
may overlap with the current region. 
The main steps followed in typical finite element analysis are shown in 
Figure 6.2. These steps axe explained very briefly in the following section with an 
illustration of MEGA. 
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Preprocessing 
Solving 
Yes 
Post-processing 
Figure 6.2: Steps in finite element analysis 
6.1.1 Introduction to MEGA 
In this section, a short description of the software used in the analyses is presented. 
For a better understanding references (AERC 2003c), (AERC 2003a) and (AERC 
2003ý) are recommended as the sources of information. 
Preprocessing 
Creation of a model with mesh, assigning material properties, assigning boundary 
conditions and setting other paxameters such as movement and connection to exter- 
nal circuits are collectively known as preprocessing. Rather than defining the entire 
model, it must be checked to see whether there exists any geometrical and electro- 
magnetic symmetries. By modelling only the symmetrical region, the running-time 
of the program and the required-memory can be reduced drastically. 
Solving 
Solving in MEGA is done with little interaction from the user after the required 
parameters such as start, end times and time-steps for transient problems are set 
in the model. Models ready for solving can be held in a queue for the solver with 
different priorities while a model is being solved. 
Postprocessing 
Once a model has been solved, the answer file can be read after the model is read 
using MEGA viewer which is a graphical user interface window to get the input 
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commands from a user. Standard output parameters such as force, torque, volt- 
age, current can be directly obtained. In addition using a built-in tool such as a 
calculator, integrator and fourier analyser other parameters can be obtained. 
Batch- processing 
All the steps described above can be processed one after the other without any 
interaction from the user in between. All the commands can be written in a se- 
quential order in files ending with the extension "MONIT". Different files can be 
'called' within another. Using the batch processing allows a complete simulation to 
be executed from model definition to analysis of results without user interaction. 
Having presented the brief illustration of the finite element software used 
for the analysis, a concise detail of a 2D finite element model is presented in the 
following section. 
6.1.2 Modelling 
In order to create a model, a 2D slice that comprises necessary information is re- 
quired. Such a slice extraction is shown in Figure 6.3. The winding configuration 
is not shown in the model in order maintain clarity of the other features. The 
mal 
ndary 
dition 
Tangential 
boundary 
condition 
Periodic 
boundary 
condition 
Figure 6.3: 2D-slice extraction 
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sectioning with a radial plane at the mean radius was chosen to reflect an average 
effects of those at the large and small radii. The ratio between the slot width and 
the slot pitch increases with increments in the radius because of the constant slot 
width and increments in slot pitch with increasing radius. The ratio at the mean 
radius is the average of those at the two extreme radii. The sectioning with radial 
lines (peripheral planes) extracts a minimalist model by considering the symmetry 
of electromagnetic periodicity whereas the sectioning with axial plane takes into ac- 
count the fact that the model is geometrically symmetrical about the plane leading 
to a normal flux boundary condition. 
clý 
---- 
Periodic 
boundary 
condition 
- iViC4,5SA, U 
Figure 6.4: 2D model 
Periodic 
boundary 
condition 
Having considered the above facts a 2D model can be envisaged and 
linearised as shown in Figure 6.4. This model was constructed and solved in MEGA 
as discussed in Section 6.1.1. 
In the analysis the number of slots in the stator was always kept to 54, 
the shape of the permanent magnets to a part of sector shape bounded by two radii 
and two arcs respectively. 
In the next section a parametric study using the 2D finite element anal- 
ysis is carried out and the results are presented. 
6.2 Parametric study 
In the parametric study initially the remanence flux density, and the height of mag- 
net, the number of turns in each coil and the physical airgap were kept unchanged. 
The other geometrical parameters, as detailed in Table 6.1 corresponding to Fig- 
ures 6.5 and 6.6, were varied and the results are analysed. Then the parameters 
that were initially kept constant were varied to meet the design requirements. 
Windina X-section 
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The details about stator and the notations used axe shown in Figure 6.5. 
The axial dimension of the stator, 1,., is kept constant at 30 nun in all cases. Slot 
ratio, R,, is defined as the ratio between the width of slot, w,, and the slot pitch. 
Slot-opening ratio, R,,,, is defined as the ratio between the width of slot-opening, w.,,, 
and the width of slot. 
WS 
ISC 
lsa 
ds 
Figure 6.5: Stator dimensions 
Figure 6.6 shows the details of the rotor and its geometrical parameters. 
Pole ratio, ap, defined as the ratio between the angular pole span, Op., and the 
angular pole pitch, Opp. The inner and outer diameters, Di and D,, respectively, axe 
given by Equation (5.7) and kept fixed. 
------------------- 
DcED aps Opp 
-- ---------------- Figure 6.6: Rotor dimensions 
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Table 6.1: Input parameters 
Description Values 
Magnet height, h,,, (mm) 3,4,5,6,8,10,12 
Magnet remanence, B, (T) 1.05,1.15,1.29 
Pole ratio, ap 
2734 17 
51 101 41 51 20 
Width of slot, w, (mm) 5,6,7 
Depth of slot, d, (mm) 12.5,14,14.5 
Width of slot-opening, w,,, (mm) 0 to 7.0 in steps of 0.5 
Depth of slot-opening, d,,, (mm) 1.5,1.75,2.25,2.5 
Table 6.1 summarises the parameters and the corresponding values used 
to reach an optimal design at various combinations, but not all possible combina- 
tions. The following output parameters obtained from the finite element analysis 
are taken into consideration in order to find an optimal design. 
Peak flux density in the stator core 
RMS no-load voltage 
Fluctuation of flux density at the centre of the magnet 
Phase inductance 
Fundamental component of no-load voltage 
3rd, 5th, 7th harmonic component of no-load voltage 
9 Total harmonic distortion 
Flux densities in the stator give a measure of iron losses and should be 
limited not to be in the region of heavy saturation. Figure 6.7 shows the distribution 
of flux density in the model. Flux density tends to peak in the teeth and in the yoke 
of the stator. Peak values of flux density at the tooth and core are examined in the 
study. 
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Figure 6.7: Flux density 
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RMS, fundamental component, and harmonic components, shown in Fig- 
ure 6.9, were calculated using the no-load voltage waveform, shown in Figure 6.8, 
obtained from the 2D FE analysis. Total harmonic distortion and harmonic compo- 
nents need to be kept to a minimum in order to reduce losses due to high frequency 
components. 
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Figure 6.8: Open circuit voltage at nominal speed 
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Figure 6.9: Harmonic components of no-load voltage 
30 
Figure 6.10 shows the variation of flux density at the centre of the magnet 
when the rotor rotates. Due to the fluctuation, eddy currents will be induced in the 
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Figure 6.10: Variation of magnet flux density 
0.004 
magnets as the conductivity of NdFeB rare-earth magnets axe not too small to be 
neglected. The frequency of the variation is constant due to the constant number 
of slots in the stator. The variation of the magnitude of flux density has to be kept 
small in order to reduce the losses. It is necessary to keep the power losses in the 
rotor low due to the difficulty of removing the heat from rotor with simple cooling 
methods. 
Phase inductance was also calculated using the 2D finite element analysis. 
The phase inductance does not take into account end-winding effects. 
6.2.1 Design study 1 
Initially the pole ratio, ap, and slot-opening ratio, R,,,, were varied while keeping 
other parameters constant with permanent magnets of remanence of 1.29 T and 
height of 8 min, slot depth of 14 mm, slot-opening depth of 1.75 mm, physical 
airgap of 1 min on each side of the rotor, and the slot ratio of 0.374. 
By referring to Figures 6.11,6.12,6.13, and 6.14 the design with the 
pole ratio of 0.667 and slot-opening ratio of 0.3 shows better characteristics in terms 
of low flux density in the stator core, low total harmonic distortion, high rms and 
fundamental component of no-load voltage, and low variation in magnet flux density. 
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Figure 6.11: Variation of peak flux densities for slot ratio of 0.374 
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Figure 6.13: Variation of no-load voltage for slot ratio of 0.374 
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Figure 6.14: Variation of harmonic components of no-load voltage for slot ratio of 
0.374 
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6.2.2 Design study 2 
88 
Then the pole ratio, ap, and slot-opening depth, d,,,, were varied while keeping other 
parameters constant with permanent magnets with remanence of 1.29 T and height 
of 8 mm, slot depth of 14 mm, slot-opening width of 2 mm, physical airgap of I mm 
on each side of the rotor, and the slot ratio of 0.374. 
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Figure 6.15: Variation of peak flux densities for slot ratio of 0.374 and slot-opening 
ratio of 0.400 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
d=1.50 mm ý so d, ,=1.75 mm .0 ------------------- ! --------------------------- I dý = 2.00 mm 
I d_ = 2.25 mm 
........... ........................... ............. --------------- I ------------ 
-------- ----- ------------------------ ---------------------------- ----------- 
------------- ................. -------------- ------------ 
6. Parametric study of AFM with slotted-stator 89 
With reference to Figures 6.15,6.16,6.17, and 6.18 the design with the 
pole ratio of 0.667 and slot-opening depth of 1.5 mm shows better characteristics in 
terms of low flux density in the stator core, low total harmonic distortion, high rms, 
and fundamental component of no-load voltage, and low variation in magnet flux 
density. 
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Figure 6.16: Variation of phase inductance for slot ratio of 0.374 and slot-opening 
ratio of 0.400 
However the effects of slot-opening depth is not considerable when com- 
pared to those of pole ratio and slot-opening ratio in the previous set of designs. 
From a manufacturing point of view the depth of slot-opening is set to be 1.5 mm 
in other designs. 
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Figure 6.17: Variation of no-load voltage for slot ratio of 0.374 and slot-opening 
ratio of 0.400 
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Figure 6.18: Variation of harmonic components of no-load voltage for slot ratio of 
0.374 and slot-opening ratio of 0.400 
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6.2.3 Design study 3 
In the next set of designs the pole ratio, ap, and slot-opening ratio, R,,,, were varied 
while keeping other paxameters constant with permanent magnets with remanence 
of 1.29 T and height of 8 min, slot depth of 14 mm, slot-opening depth of 1.5 mm, 
physical airgap of 1 mm on each side of the rotor, and the slot ratio of 0.445. 
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Figure 6.19: Variation of peak flux densities for slot ratio of 0.445 
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Figures 6.19,6.20,6.21, and 6.22 show that the design with the pole 
ratio of 0.667 and slot-opening ratio of 0.333 shows better characteristics in terms 
of low flux density in the stator core, low total harmonic distortion, high rills and 
fundamental component of no-load voltage, and low variation in the magnet flux 
density. 
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Figure 6.20: Variation of phase inductance for slot ratio of 0.445 
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Figure 6.21: Variation of no-load voltage for slot ratio of 0.445 
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Figure 6.22: Variation of harmonic components of no-load voltage for slot ratio of 
0.445 
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6.2.4 Design study 4 
In the next set of designs the pole ratio, ap, and slot-opening ratio, R, ", were varied 
while keeping other parameters constant with permanent magnets with remanence 
of 1.29 T and height of 8 mm, slot depth of 14 mm, slot-opening depth of 1.5 mm, 
physical airgap of I mm on each side of the rotor, and the slot ratio of 0.523. 
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Figure 6.23: Variation of peak flux densities for slot ratio of 0.523 
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Figures 6.23,6.24,6.25, and 6.26 show that design with the pole ratio of 
0.667 and slot-opening ratio of 0.357 shows better characteristics in terms of high 
rms and fundamental component of no-load voltage, and low variation in magnet 
HiLx density. However they show relatively high flux density in the stator core, high 
total harmonic distortion and harmonic components. 
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Figure 6.24: Variation of phase inductance for slot ratio of 0.523 
The sets of designs with different values of slot ratio as discussed in the 
preceding analyses show similar characteristics. By taking the maximum use of slot- 
space for an increased current loading and minimum allowable tooth width at the 
inner radius of the stator into consideration, a slot ratio of 0.523 was selected for 
the further analysis. 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
6. Parametric study of AFM with slotted-stator 
350 
300 
250 
0.429 
........................... ..................... 0.5m 
R 0.571 
............. ................. ---------- R- 
0.643 
............. ............. ....................................................... 
............ ............. ------------- ............. ........ .............. 
................................ ---- ------ 
... .... ... 
-- ------------------- 
450 
0.67 0.70 0.75 0.80 0.85 
Pole-arc pole-span ratio 
(a) RMS 
0: 429 
=0 50 &'5701 
0 
400 
20 
i. ft- 
1 10 
330 
0.67 0.70 0.75 0.80 0.85 
Pole-arc pole-spart ratio 
(b) Fundamental component 
0 0.67 0.70 0.75 0.80 0.85 
Pole-arc pole-span ratio 
(c) Total harmonic distortion 
Figure 6.25: Variation of no-load voltage for slot ratio of 0.523 
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Figure 6.26: Variation of harmonic components of no-load voltage for slot ratio of 
0.523 
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6.2.5 Design study 5 
100 
In the next set of designs the slot-opening ratio, R,,,, was varied while keeping other 
parameters constant with permanent magnets with remanence of 1.29 T and height 
of 8 inin, slot depth of 14 mm, slot-opening depth of 1.5 mm, physical airgap of 
1 min on each side of the rotor, the pole ratio of 0.667, and the slot ratio of 0.523. 
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Figure 6.27: Variation of peak flux densities for slot ratio of 0.523 and pole ratio 
of 0.667 
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Figures 6.27,6.28,6.29, and 6.30 show that design with the slot-opening 
width of 2.0 nim show better characteristics in terms of high rms and fundamental 
component of no-load voltage, low variation in magnet flux density, and low total 
harmonic distortion and harmonic components. However they show relatively high 
flux density in the stator. 
200 
100 
0 
.......... --- --- ----------------- -- --- --- --- --- --- -- ------------------- 
---- --- --- --- --------......... --- 77 
.............. .......... 
.......................................... -------- --- 
---- --- ---...... 
........................ 
......................... - ý.. ý-MMI 
------------------ 
-------- --- --- -- --- 
02468 
Width of slot-opening (mm) 
(a) Magnet flux density 
2000 
............................................................................. 
--- --------- -------------- 
... .......... ----- -- ---- -- -------- --- ----------- --- --- -- ----7---- -- ---- 
..... ...... ..... ........... ................. 
............... 1000 
-0 c 
Ut..... .... 
68 
0 
024 
Width of slot-opening (mm) 
(b) Phase inductance 
Figure 6.28: Variation of magnet flux density for slot ratio of 0.523 and pole ratio 
of 0.667 
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Figure 6.29: Variation of no-load voltage for slot ratio of 0.523 and pole ratio of 
0.667 
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Figure 6.30: Variation of harmonic components of no-load voltage for slot ratio of 
0.523 and pole ratio of 0.667 
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Having analysed the effects of pole ratio, slot ratio, slot-opening ratio 
and slot-opening depth in the preceding section, a summary is presented in the 
next section to determine the other parameters such as the remanence and height 
of permanent magnets, and physical airgap. 
6.2.6 Summary 
In order to meet the design requirements, the remanence and the height of permanent 
magnets was varied. In order to increase the mechanical stability of the rotor and to 
reduce the flux densities in the stator core, permanent magnets with the remanence 
of 1.15 T and height of 10 mm were selected. The physical airgap of 1.5 mrn on each 
side of the rotor was selected. By increasing the size of the airgap the flux densities 
at the stator will be reduced further and the clearance between the rotor and the 
stator will be increased. For a prototype machine having an increased clearance is 
favourable in case of rotor vibrations during the operation of the machine. 
In order to compensate for the effects of reduced magnet remanence and 
increased airgap, the number of turns in the coils of the stator winding was increased. 
Figure 6.31 shows the CAD model of the stator and its winding configurations. 
Phase "A" 
PhasE 
liLlat'vi 
Figure 6.31: Slotted-stator for AFM 
The descriptions and corresponding dimensions of the single module gen- 
erator is given in Table 6.2. There are two stators and a rotor in the single module 
as shown in Figure 5.14. The winding of each phase from each stator is connected 
in parallel with its corresponding phase of the other stator to make a final winding. 
Three phase windings are connected in star-configuration. 
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Table 6.2: Parameters of slotted-stator AFM 
Description Value 
Number of stator slots 54 
Axial thickness of stator core (mm) 30 
Number of phases 3 
Number turns per coil 6 
Number of coils per phase 18 
Coil throw (in no. of slots) 4 
Number of parallel circuit per phase 2 
Winding connection type star 
Diameter of coil conductor (mm) 0.5 
Number of strands per turn (mm) 16 
Slot depth (nun) 14.5 
Slot width (nun) 7 
Slot opening depth (mm) 1.5 
Slot opening width (mm) 2 
Outer diameter (mm) 290 
Inner diameter (mm) 170 
Number of magnet poles 12 
Pole ratio 
2 
3 
Pole height (mm) 10 
Remanence of PM (T) 1.15 
Relative permeability of PM 1.05 
Airgap length (mm) 1.5 
Stator Material Steel laminations 
105 
Results, distribution of flux density in stator, airgap flux density, vari- 
ation in flux density at the centre of the magnet, no-load voltage, its haxmonic 
components and total harmonic distortion, variation of axial attractive force acting 
on each stator, and the variation of cogging torque, obtained from a 2D FE analysis 
are shown in Figure 6.32. The results axe for a single module of an axial flux machine 
with middle-rotor configuration though the finite element analysis was done for a 
model reduced considering the geometric and electromagnetic symmetry. No-load 
voltage and its harmonic components, axial force, cogging torque for a single module 
configuration were calculated using the results from the FE analysis. 
Phase inductance was also calculated using the 2D finite element analysis 
by feeding three phase rated current to the winding and measuring the voltage across 
the winding. 
Vo = (jw,. Lo. )I,. (6.9) 
L 2D = 1127.8 ItH (6.10) 04, 
where I,, w, LO., and VO are the rated rms current, the rated angular frequency, 
per-phase inductance of the stator, and rms phase voltage respectively. As there axe 
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Figure 6.32: Results of 2D FE analysis 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
6. Parametric study of AFM with slotted-stator 107 
two stators in a module of the AFM, the inductance of the module is half that of 
the stator due to the parallel connection of the stator winding. 
6.3 2D analysis under load conditions 
In order to include to effects of armature reaction field under load conditions, a 2D 
finite element analysis with external coupling was done. The details and results are 
discussed further. 
Figure 6.33: Circuit coupling 
The circuit coupling tool, a built-in module of the finite element software, 
was used and is shown in Figure 6.33. A three-phase stax-connected load of resistors 
to get the nominal current in the winding were connected to the terminals of the 
star- 
* 
connected winding. The internal resistance of the winding is also included in 
the circuit. 
- The flux path obtained under the full load condition is shown in Fig- 
ure 6.34. The phase voltage and the phase current are shown in Figure 6.35 which 
correspond to a single module generator consisting two parallel-connected stators at 
3000 rev/min. 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
6. Parametric study of AFM with slotted-stator 
Figure 6.34: 2D analysis under the full-load condition 
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Figure 6.35: Variation of phase voltage and phase current under full-load 
Variation in torque with time at the full-load condition and at 
3000 rev/min is illustrated in Figure 6.36. 
250 
200 
01 
0.001 0.002 0.003 
Time (sec) 
Figure 6.36: Variation in torque under the full load condition from 2D analysis 
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6.4 3D FE analysis 
109 
In order to take the effects of end-winding effects and flux leakage in the end-winding 
sections into consideration, a 3D finite element analysis was carried out using the 
software. 
*Ai, 
*4 
lip 
h!, -Nqtl IdL Magnet jkl: 
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Coil 
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Figure 6.37: Electromagnetic components for 3D FE analysis 
CC: 
Figure 6.37 shows the electromagnetic components for the 3D finite el- 
ement analysis. The coils are modelled in more similax fashion to a form-wound 
diamond-shaped double-layer winding though in practice the winding was made of 
random-wound coils. This is in order to define distinct current regions for each coil 
by avoiding any overlap between the region. 
Figure 6.38: Variation of flux density 
A sectioned view with flux density vector plot showing the flux direction 
is shown in Figure 6-38. The leakage flux is also visible. 
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Figure 6.39: Variation of no-load voltage from 3D analysis 
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(b) Harmonic components 
Figure 6.39 shows the no-load voltage obtained at 3000 rev/min and the 
corresponding harmonic components. The waveform is slightly different from that 
of the 2D FE analysis. In the 2D analysis the ratio between the slot width and 
the tooth width was assumed to be constant, where in the 3D analysis the ratio is 
modelled as in the prototype and varies with the radius of the stator. 
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Figure 6.40: Variation of phase voltage and current under full-load condition from 
3D analysis 
Under full-load condition, a 3D FE analysis was carried out with a circuit 
coupling as described in Figure 6.33. Variation of three-phase voltages and currents, 
and torque are given in Figure 6.40 in Figure 6.41 respectively. 
With finite element analysis of the generator, the primary characteristics 
are obtained under load condition as discussed previously. However the losses in the 
stator core, magnets, and bearings and windage losses were not taken into account. 
In order to model all these losses it is required to analyse the generator with any 
finite element software that is capable of multiphysics, such as ANSYS, COMSOL 
etc. However it will require more computing power and an increase in time for 
solving and analysing. By using a hybrid technique that exploits the results from 
the finite element analysis with analytical methods, it will be possible to analyse 
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Figure 6.41: Variation of torque under full-load condition from 3D analysis 
the generator taking all the above mentioned losses into consideration and include 
the characteristics of the diesel engine as well. 
6.5 Conclusion 
Table 6.3 compares the open-circuit voltage, total harmonic distortion, inductance 
and average torque obtained from the 2D and 3D analyses in the preceding sections. 
Table 6.3: Comparison of 2D and 3D FE analyses 
D i ti 
Method 
escr p on 2D FEA 31) FEA 
rms phase voltage (V) 280.6 281.7 
Total harmonic distortion 3.852 3.855 
Inductance (pH) 1127.8 1463.1 
Average Torque (Nm) 191.6 193.8 
Even though the differences in the open-circuit voltages and total har- 
monic distortions of 2D and 3D analyses are insignificant , the harmonic components 
of the analyses, shown in Figure 6.32(e) and Figure 6.39(b), do not match each other. 
This is mainly due to the fact that the variation of tooth width in radial direction 
and end-winding are not modelled in 2D FEA. 
When the inductance is calculated using 2D FEA, the end-winding in- 
ductance was not included. However the end winding can be calculated analytically 
as discussed in Section 7.4. But the end-winding inductance using this method does 
not include any mutual interaction between the end-winding of the three-phases, 
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leading to an under-estimation of the inductance. Further, due to the approxima- 
tion made when the 2D model is created, the magnetic structure varies from the real 
model. This may have contributed to the discrepancy in the inductance obtained 
by the 2D FEA and 3D FEA. 
The average torques from the analyses correspond well with a deviation 
of about 1%. The deviation may be due to the reasons discussed above. 
In overall, the results from the 2D FEA was acceptable to get an initial 
performance characteristics of the generator. To get more accurate results, a 3D 
FEA is required. 
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Having obtained the output chaxacteristics of the generator using the 2D FE anal- 
ysis, the prime mover unit is analysed with a hybrid analysis approach developed 
from the results of FE analysis and analytical techniques. Figure 7.1 shows the 
hybrid analysis approach with a schematic representation. 
FEA 
Load 
AnItical 
me ods 
Figure 7.1: Schematic representation of hybrid approach 
Output characteristics of ICE, and electrical as well as mechanical char- 
acteristics of the axial flux generator axe input parameters for the model. The input 
parameters to the hybrid analysis approach are discussed in detail. 
7.1 ICE characteristics 
The output characteristic of ICE power with respect to the rotational speed as 
shown in Figure 2.3(b) is used as the input power to the prime mover unit. For the 
various speeds of the engine the output power can be obtained using an equation 
which expresses power in terms of rotational speed. 
113 
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7.2 No-load voltage 
No-load voltage obtained from the FE analysis or the experiments (Figure 6.32(d)) 
can be used as the input paxameter after expressing its magnitude and frequency 
dependent on mechanical speed, with the use of linear scaling factors. 
7.3 Resistance 
Tooth 
Figure 7.2: Coil in stator slot 
Resistance is calculated using Equation (7.1) by approximating its end- 
winding to be a semi-circle as described in Figure 7.2. 
PI 
A 
(7.1) 
Considering the number of strands in each turn, the number of turns in each coil, 
and the number of coils in each phase, the per-phase resistance of the stator, RO. is 
calculated theoretically. 
Ro. = 170 x 10-30 (7.2) 
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7.4 Reactance 
The reactance is calculated as in Equation (7.3), where f, the electrical frequency, 
is linearly related to the mechanical speed. 
27rfL (7.3) 
L is inductance obtained from the 2D FE analysis. However this has ne- 
glected the end-winding inductance. In order to compensate for this, the end- 
winding inductance is calculated adapting the analytical calculation as described 
in (Engstr6m 2000) in which the end-winding is approximated to be semi-circle as 
in Figure 7.3. 
Active-windii 
Figure 7.3: Semi-circular approximation for end-winding 
End-winding inductance is given by Equation (7.4), 
Lend ---" Po 
D 
ln 
8D) 
-1.751 (7.4) 71 
(d 
where D is diameter of the semi-circle and d is diameter of the coil turn. The 
combined inductance of inner end-winding and outer end-winding are calculated 
and given in Equation (7.5). 
L end = 116.9 pH (7.5) ol 
Then the overall per-phase inductance of stator, LO, is calculated using 
Equation (6.10) & (7.5). 
LO. = 1244.7 pH (7.6) 
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7.5 Copper loss 
Copper loss is included in the analysis as a function of current and per-phase resis- 
tance using the standaxd Equation (7.7). 
Pc,, = 1,2,,. R (7.7) 
where PC,,, and R axe copper loss, rms phase current and resistance of phase 
winding respectively. 
7.6 Core-loss 
With reference to the simulation results shown in Figure 6.32(a), the stator flux 
density is estimated to be 1.5 T all over the stator. However the flux density is 
more in some of the teeth and less in other teeth and other paxts of the stator. The 
core loss data is obtained from the specification of the steel manufacturers (Cogent 
Power 2000) for 1.5 T magnetisation at vaxious frequencies as in Table 7.1. 
Table 7.1: Core-loss data 
Frequency (Hz) Core loss (W/kg) 
100 07.13 
200 18.60 
400 54.70 
Using the above data, the core loss at 1.5 T was written as a polynomial 
function of frequency as in Equation (7.8). Manufacturers data and polynomial 
function axe compared in Figure 7.4. 
Pwre = Aj + Bcf 
2+ Ccf3 (7.8) 
Ac = 49.72 x 10-3 (7.9) 
Bc = 215.25 x 10-6 (7.10) 
Cc = 5.83 x 10-9 (7.11) 
where P,,,, is coreloss per unit mass at the magnetisation of 1.5 T. A,,, 
B,, and C, are constants. 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
7. Hybrid analysis approach 1 
1ý7 
100 
pManufacturer., 
data 
olynomial function 
..................................................... ...................... 
........... --------------- 
..................... ................................ ......... .... 
.......... ....... 
------- -- ------- --- ------ --- ------ --- ------ --- ------- -- --- 
---------------- ... ... I ....... ....... 
...................... ------- ............... ------------------- 
....... ....... ............... ................ I ........ I ....... I ....... I 
. ................... -------------- I ........... ----------- 
0 
0 250 500 
Frequency (Hz) 
Figure 7.4: Core-loss as a polynomial function 
7.7 Windage loss 
The windage loss is caused by the friction between the air and rotating rotor and 
between the stator and the disturbed air due to rotation of the rotor. The analytical 
expressions described in (Tsakok 2004, Daily & Nece 1960, Nece & Daily 1960) are 
used to include the windage loss as a function of rotational speed. The details are 
Figure 7.5: Rotating disk in an enclosure 
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presented below referring to Figure 7.5. The windage power loss can occur in the 
axial gaps and in the radial gap. 
The windage loss in the axial gaps, P,,,., is given by Equation (7.12) 
(Daily & Nece 1960): 
0.04 
er 56W331, t" 1 
61, (7.12) 
where p, r, w, p,.., and J,, are gas density, the radius, angular speed of the disk, gas 
viscosity and axial airgap respectively. 
The windage loss in the radial gaps, P,,,,., is given by Equation (7.13) 
(Tsakok 2004): 
1 
92 
I-k 4-k 3-k kd 
P., = ý7ffl-0118 jk 
(7.13) 
r 
k=0.4168668 (7.14) 
Where d, and J,. are thickness of the rotor and radial airgap respectively. Total 
windage loss is given by Equation (7.15). 
P. + p". (7.15) 
7.8 Losses in magnets 
As was shown in Section 5.2.2, there axe eddy current losses in the rare-earth perma- 
nent magnets due to the change in reluctance path as a result of slot opening. This 
has been analysed with finite element analysis. Figure 7.6 shows the distribution 
of current in the permanent magnets and the variation of total power loss in the 
rotor at 3000 rev/min. The average power loss at 3000 rev/min is 388.2 W. The 
eddy current loss varies proportionally to the square of electrical frequency which 
is proportional to the mechanical speed. By neglecting the counter-acting magnetic 
field due to the eddy currents in the magnets, the losses can be written dependent 
on mechanical speed as following 
2 K,,. gnm (7.16) 
Km, g = 
388.2 
30002 
= 43.13 x 10-6 W/(rev/min)2 (7-17) 
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Figure 7.6: Losses due to eddy currents in magnets 
7.9 Other losses 
Other forms of losses in the prime mover unit are the power loss in the bearings due 
to frictional moment and loss in the coupling used to link the engine and the axial 
flux generator. 
7.9.1 Loss in bearing 
The power loss (Hodowanec 1995) in the bearing is dependent on the type of bearing, 
physical dimension of bearing, type of lubricant, properties of the metal of which the 
bearing is made, axial and radial forces acting on bearing, operating temperature, 
and the speed of rotation. The first four parameters are fixed for a pre-selected 
commercial bearing. The last three parameters are dependent on the application 
and vary accordingly. 
For coupled and non-overhung loads, radial forces acting on the bearing 
are lower when compared to the belted and overhung loads (Malinowski & Snyder 
2005). For a dynamically balanced rotor the radial force win be low. Even if the 
rotor is not dynamically balanced, the disks are of low mass compared to the mass 
of shaft, and therefore the radial force is neglected for simplicity. 
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The axial force acting on a beaxing of an axial flux machine is high as 
described in Section 3.2 and Figure 3.4(c). With reference to Figure 6.32(f) the 
average value of the axial force acting on an unrestrained stator is about 7.56 kN 
due to electromagnetic attraction by the permanent magnets on the rotor at the 
no-load condition. Since the rotor is spring-loaded for positioning in the airgap and 
the stators axe restrained using the cylindrical casing, the total force acting on the 
bearing will be less than the force acting on the stator as stated above. 
By using the catalogue of the manufacturer of the bearing selected for 
the prototype, the power losses when the bearing is experiencing zero and 7 kN axial 
force at an operating temperature of 80 "C and at spinning at 4000 rev/min are 103 
and 470 W respectively. 
Assuming zero axial force at the beaxing, the losses in the bearing can 
be determined from the following equations (SKF 2005): 
Pbear Kbea, n,,, (7.18) 
Kbea 
103 
r 4000 
25.75 x 10-3 W/(rev/min) (7-19) 
7.9.2 Loss due to coupling 
The generator is spline-coupled with the internal combustion engine. If the coupling 
has misalignment, it will lead to loss of power in the transmission from the engine 
to the generator. It may have an impact on the bearing as well (Hodowanec: 1996), 
leading to an increased loss and shortening the lifetime of the beaxings. The coupling 
is considered to be ideal and the losses axe treated to be negligible. 
7.10 Methodology 
Figure 7.7 shows a flow diagram to include the engine characteristics and losses 
in the generator to analyse the performance. The input power of the generator 
is equal to the mechanical output power of the engine as any power loss in the 
coupling between the generator and the engine is assumed to be negligible. The 
variation of the mechanical power with respect to the speed is obtained from the 
engine manufacturers. The losses in the generator include speed dependent loss 
and speed independent loss. The speed dependent loss includes the core-loss, eddy 
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Figure 7.7: Flow diagram for the analysis 
current loss in the permanent magnets of the rotor, loss in bearings and windage 
loss. Copper loss is a speed independent loss. 
Analyses were carried out as described in the flow diagram in Figure 7.7 
for the speed range of 1000 rev/min to 4000 rev/min in steps of 250 rev/n-iin by 
varying the load. The analysis was done for the number of modules 1,2 and 3 
in the generator. The output parameters of RMS phase voltage, efficiency, output 
power, total power loss, copper loss, and current density are analysed at various 
load conditions. The variation of no-load losses in its components as well as in total 
, were also compaxed 
for different speed conditions. 
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7.10.1 Analysis of a single modular AFM 
The variation of the no-load losses is also shown in Figure 7.8. The variation of 
electrical parameters for the single module generator is illustrated in Figure 7.9. The 
maximum output power that can be obtained with the single module configuration 
(Figure 7.9(c)) at the maximum speed is less than the total power available from 
the ICE engine. In order to increase the power capability of the generator, the 
double-modular generator was analysed. 
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Figure 7.8: Variation of no-load losses with speed for single-modular generator 
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Figure 7.9: Variation of output parameters for single-modular generator 
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7.10.2 Analysis of a double modular AFM 
In the double-modular generator the stator winding for the modules are connected in 
parallel to make the final phase winding. The no-load losses shown in Figure 7.10 for 
the double-modular configuration are twice that of the single-modular configuration, 
except in the case of the loss in the beaxing which remain the same in both cases. 
Figure 7.11 shows the output parameters for the configuration. 
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Figure 7.10: Variation of no-load losses with speed for the double-modular gener- 
ator 
From the variation of output power as in Figure 7.11(c) the required 
power can be obtained from the double-modular configuration at the rms phase 
current of 200 A. Under the full-load condition of 200 A, the RMS phase voltage 
that would satisfy the DC link requirement as described in Table 2.3 falls between the 
speed range of 3000-3750 rev/min. In the speed range and current rating the total 
power loss is around 9 kW. Furthermore, at the current of 200 A, the current density 
in the conductors is about 17 A/MM2 which would require more cooling facilities 
to remove the heat dissipated in the conductors which are covered by insulation 
material and placed in the slots of the stator. This will restrict air flowing around 
the conductors in an enclosed configuration. The thermal analysis done by another 
research group member is also a simplified one. For a prototype generator it was 
considered as unacceptable just to be in the safe side. Efficiency will also be just 
below 95% at the current of 200 A and the speed range of 3000-3750 rev/min. 
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7.10.3 Analysis of a triple modular AFM 
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Figure 7.12: Variation of no-load losses with speed for the triple-modular genera- 
tor 
The analysis was performed for the configuration with three modules. 
The no-load loss (Figure 7.12) axe nearly three times that of the single-modular 
configuration. The output parameters axe shown in Figure 7.13. The required 
output power that can be obtained at the current of 200 A and between the speed 
range that would meet the DC link requirements is more than the ICE output power. 
In addition, the total power loss and the current density are also reduced. Thus it 
is no longer required to have a complex cooling arrangement. Efficiency is also 
improved to just above 95%. 
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(Anpalahan & Lwnperth 2006a) illustrated the details of the hybrid anal- 
ysis approach. 
Having analysed the selected machine with vaxious methods and pre- 
sented the results and taking the thermal study done by a member of the research 
group into consideration, the prototype has been built by taking into the thermal in 
order to validate the design. The details axe presented in the forthcoming chapter. 
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Manufacturing of prototype 
Details of making a prototype machine are given in this chapter. Initially descrip- 
tions about the electromagnetic components such as stator, and rotor and the me- 
chanical components such as shaft, casing, and cooling plates are presented. Then 
a brief description is given about the assembling of the generator. 
8.1 Stator 
The stator is made of non-grain oriented steel insulated laminations, Grade 10106 
M330-35A (Cogent Power 2000), of thickness of 0.35 mm and width of 30 mm. The 
slots are punched through the laminations prior to the laminations being wound 
spirally as shown in Figure 8.1. The slots have constant cross-sections whereas 
the width of teeth increases with the increase of radius of the spiral at which the 
lamination layer sits. The slot pitch is varied continuously according to the diameter 
of the spiral. Both ends of the lamination axe spot-welded with the adajacent layer 
of the lamination. 
direction 
Figure 8.1: Schematic representation of stator manufacturing 
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Stator 
Figure 8.2: Stator of wound-lamination 
Figure 8.2 shows the stator of wound lamination prior to the three-phase 
winding being wound. Then the three-phase winding with 16 parallel strands of 
diameter of 0.5 mm are wound manually in layers with 18 random-wound coils of 
turns of 6 in each phase. 
Slot insulation End-terminal 
Detached layer 
Figure 8.3: Stator with three phase winding 
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Slot insulation is in place to provide an additional insulation between 
the winding and the stator core. The outer end-winding are bound together to have 
mechanical rigidity. There is a laxge clearance between the outer end-windings and 
the stator. This is due to the unknown nature of winding length at the end-winding 
sections and due to manual insertion of the winding into the slots. However this 
can be overcome if the winding process can be automated. The end-terminals of the 
winding are insulated with heat-shrink. 
The stator with the winding has undergone vacuum pressure impregna- 
tion to provide additional mechanical integrity and to remove pockets of air trapped 
in the winding and slots to improve thermal conductivity. The stators need to be 
handled carefully in order not to dislocate the lamination layer at the ends of the 
spiral. Figure 8.3 shows the vacuum pressure impregnated stator assembly and 
detached layer of lamination at the inner most end. 
There are two sets of three identical stators made. One set is the mirror- 
image of the other set in terms of the way the stator windings are wound. In each 
stator three thermocouples are inserted at the sections of the end-winding, top, and 
bottom of slot in order to monitor the temperature of the stators at those locations. 
8.2 Rotor 
The rotor consists of six pairs of rare-earth NdFeB 33UH magnets embedded in 
a holder ring made of non-magnetic and non-conductive material. Using non- 
conductive material for the holder ring eliminates any eddy currents that can be 
induced by fluctuation of flux density in the region. 
Hole for 
Glass-fibr( 
Figure 8.4: Rotor 
)r rotor-spacer 
ed NdFeB magnet 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
8. Manufacturing of prototype 135 
Figure 8.4 shows the rotor with Ni coated permanent magnets. Ni coating 
is required to protect the magnets against corrosion. The magnets are held in the 
holder ring by high strength epoxy glue. There axe three identical rotors made, one 
for each module. 
8.3 Mechanical components 
Shaft key 
Spline teeth -1 Groove for circlip 
(a) Shaft 
Electric cable access 
Cooling-pipe access 
Support for stator 
ý h) Casing 
Cooling channel 
Figure 8.5: Mechanical components 
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There are six cooling plates to be attached the back-side of each stator, 
a cylindrical casing, two end-plates, shaft, bearings and other accessories such as 
bolts and nuts. The components axe shown in Figure 8.5. 
8.4 Assembling 
"Holding" nuts 
Studding 
Shaft 
Rotor 
Winding terminal 
Figure 8.6: Assembling process 
"Positioning" bolt 
Rotor-spa, cer 
Eild-plate 
Cooling pipes 
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With the required components ready, the prototype was assembled. Dur- 
ing the assembly of the prototype, a major challenge was to assemble the pre- 
magnetised rotors. The attractive force between the rotor and the ferromagnetic 
stator was in the order of a few kilo-newton. The rotor was restrained at the end 
of the shaft by four studding rods and a plate with a "positioning" bolt and held 
at the rotor spacer as shown in Figure 8.6. Then the rotor is gradually allowed to 
move towards the stator, initially due to the weight of the rotor and then due to the 
attractive force in a controlled manner with the "holding" nuts. An intermediate 
stage in the assembling process is shown in Figure 8.6. Cooling pipes and winding 
end-terminals are also illustrated. 
Winding terininals 
Thermocouple leads 
Cooling pipes 
Figure 8.7: prototype generator 
Figure 8.7 shows the prototype in a fully assembled state. The cooling 
pipes, winding end-terminals and the thermocouple leads are also clearly marked. 
Bearin 
Figure 8.8: Schematic layout of cross-section of the generator 
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A schematic layout of the cross-section of the generator is illustrated in 
Figure 8.8. The stators "SAl", "SAT', and "SAY are identical to each other and 
so are the stators "SB1", "SB2", and "SBY. Whereas the former set of stators is 
a mirror image of the latter set in terms of winding arrangement. The rotors "Rl", 
"R2", and "RY are identical to each other. 
Figure 8.9: Airgaps 
The rotor and shaft a&-, embly is positioned in the airgap by using spring- 
restraints to counteract the axial attractive force. Even though the rotor set is 
balanced in the airgap, the airgaps were not identical (Figure 8.9) and a slight 
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(a) Airgap "Al" (b) Airgap "Bl" 
(c) Airgap "AT (d) Airgap "B2" 
(f) Airgap "B3" (v) Airgap "AT' 
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"rubbing" between the rotor and stator also noticed. The rotors tend to flex under 
the axial force. This has been verified by visual inspection at the stage of assembling, 
as shown in Figure 8.6(a). The airgap at the assembling stage seemed to be less 
than 1.0 mm and it was verified by inserting the mylar films of uniform thickness, 
generally used for the slot insulation, in the airgap. 
As a result of this the airgaps were increased to 1.5 nun from the original 
design of 1.0 nim by reducing the thickness of the cooling plates. Once this had been 
done the generator was ready to undergo testing to validate the design results. The 
details of the experiments and the results are discussed in the following chapter. 
I 
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Experiments 
Description of a test rig for performing the experiments, and the experiments at 
different conditions are described. The corresponding results are presented in the 
forthcoming sections. A comparison between the results from the analyses and the 
experiments are discussed in Chapter 10. 
9.1 Description of the test rig 
Datalogging 
Power analyset 
Figure 9.1: Schematic representation of experimental set-up 
Tile. overall experimental set-up is illustrated in Figure 9.1. The generator 
is directly spline-coupled to a dynamometer. The electrical terminals of the stators 
are connected to a three-phase star-connected resistive load-bank. A cooling circuit 
with water as tile coolant is constructed to remove the heat from the generator. 
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The required output parameters are data-logged to a computer through appropriate 
intermediate measurement modules. 
There are six stators in total in the multi-modular generator. The phase 
winding of each stator is to be connected in parallel with that of rest of stators. But 
it is important to ensure that there is not so much imbalance between outputs of 
the winding to be connected in parallel that will cause large circulating currents in 
the no-load condition. In order to do this each phase voltage is checked individually 
and can then be connected in parallel through a connection-panel as illustrated 
in Figure 9.1. From the connection-panel the stator windings are connected to a 
three-phase star-connected air-cooled resistive load-bank. 
The generator is cooled with four parallel cooling circuits. As described 
in the schematic representation, the generator uses a distribution-chamber for inlet 
and a collection-chamber for outlet and by interconnecting the chambers through a 
heat exchanger. 
Three-phase voltages, and currents are measured at the connection-panel 
using current transducers and a VOLTECH PM3000A power analyser. Tempera- 
tures at the end-winding region, and top and bottom of the slot of each generator 
has been measured using thermocouples and a National Instruments (NI) FieldPoint 
module. Torque and speed data is obtained from the dynamometer and connected 
to the NI module. 
The measured parameters using the power analyser and the NI module 
are data-logged to a dedicated computer. The data is then analysed and compared 
with the results froin the design. 
Generator 
Dynamometer 
Shield 
Figure 9.2: Generator on the test-rig 
Cantilever supporl 
Coolant outlet 
( III k 
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In Figure 9.2 the generator is shown on the test-rig. The generator is 
connected to the dynamometer using an universal joint. The region of the universal 
joint has been shielded using steel plates on the sides and over the top. It is shown 
in Figure 9.2 without the top plate. The generator is overhung from an already 
existing cantilevered support and given a light support underneath. The chambers 
of the cooling circuit are also mounted on to the cantilevered support. 
(b) NImsurement panel 
(c) Current transducers 
Figure 9.3: Other hardware for experiments 
The connection-panel which can be used to connect the stator windings 
either in series or parallel or a combination of both if required, the measurement- 
panel which gives access to all of the stator windings and the load terminal to 
measure voltages, current transducers and the load-bank are shown in Figure 9.3. 
The ratings of the dynamometer are as presented in Table 9.1. Even 
though the speed range of the dynamometer is sufficient for the testing, the power 
and the torque rating of the dynamometer is less than the power and the speed 
rating of the generator to be tested. Since the generator has three electrically and 
Table 9.1: Ratings of dynamometer 
Description Value 
Maximum speed (rev/min) 5000 
Peak torque (Nm) 300 
Peak power (kW) 60 
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electro-magnetically independent modules, the testing under the load-condition is 
done only on one module. Nevertheless no-load testing was done for the entire 
machine. 
9.2 Electrical parameters 
Electrical parameters, i. e. resistance and inductance, of the windings of each stator 
were measured using a GENRAD 1657 DigiBridge LCR meter at room temperature. 
Then the average of the measured parameters axe used as the final values. 
Description Value 
Mean resistance (mQ) 
Mean inductance (pH) 
225 
735 
Table 9.2: Measurement of electrical parameters 
The mean values axe given in Table 9.2. The resistances measured are 
more than what was predicted in Chapter 7.3. This is mainly due to the difference 
in the length of the coils. As it is a first prototype machine and the coils are 
random-wound, the length of coils was deliberately made longer than required to 
avoid difficulty in inserting coil strands through the narrow slot-opening. However 
the length can be optimised if required. 
However there is a large difference between the measured inductance 
and the calculated inductance (Equation (7.6)). This is due to the fact that the 
condition at which the measurements axe done does not take into account the mutual 
inductances from the other phase windings of the same stator and all other phase 
windings of the other stator in the same module. In order to verify this, the FE 
analysis was done at by exciting only a single phase of a single stator. The calculated 
inductance at this case is, 
L2Dse = 600.07 ßH (9.1) 08 
If the end-winding inductance calculated analytically is included, the 
total inductance is 
L"' = 716.97 pH 08 (9.2) 
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9.3 Open circuit characteristics 
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When voltages and currents are measured using the power analyser Voltech 
PM3000A, they are converted and saved in terms their harmonic components. Fig- 
ure 9.4 shows a screen-shot of the front-end of the software used for datalogging 
with the power analyser. 
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Figure 9.4: Screen-shot of voltage measurement with power analyser PM3000A 
Under open-circuit condition initially the three-phase voltages of each 
stator are measured at a low speed of 297 rev/min. The measurements are directly 
obtained in terms of harmonic components of magnitude and phase angle using the 
power analyser. 
The variation of phase voltages with respect to time is back-calculated 
using the harmonic components and corresponding electrical frequency for each sta- 
tor and are given Figure 9.5 with their respective harmonic components. 
The voltages of the stator on the same-side of the rotor of each module, 
i. e. "SAI", "SAT, & "SAY are on the same side of each rotor where as "SBI", 
"SB2", & "SBY are on the other side of rotors, show a similar waveform. But they 
differ from those at the other side. However there is an exception for the stators 
"SAT and "SB2". This may be attributed to the uneven thickness of airgaps due 
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to the tendency of the rotors to flex under axial force and due to the unbalanced 
positioning of the shaft-rotor assembly in the airgaps. 
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Under open-circuit condition the speed of the generator was varied and 
the torque was measured. The variation of no-load torque and no-load power loss 
of the triple module generator is shown in Figure 9.6. 
The no-load results of open-circuit voltage and the no-load power losses 
are compared with the results from the analyses and discussed in Chapter 10. 
9.4 Load characteristics 
The generator was tested at a constant speed of 1200 rev/min under load-conditions 
by connecting only a single module to the resistive load bank. The stators of the 
single module were connected in parallel. The measured terminal voltage and the 
total phase current are shown in Figure 9.7 and Figure 9.8 respectively. 
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Figure 9.7: Load voltage under load condition at 1200 rev/min 
The variation of the rms terminal per phase voltage with respect to the 
varying phase current is shown in Figure 9.9. With the increasing current the rms 
voltage drops due to the voltage drop across the internal resistance and inductance 
of the stator winding. 
The torque, the speed, and the electrical output parameters, such as 
rms voltage, rms current were also measured. In order to calculate the variation of 
efficiency it was required to make some adjustments because only a single module 
out of the three modules of the generator was tested under load conditions while the 
other two modules were under open-circuit condition. There will be power loss in 
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the two modules. In order to calculate the efficiency of the single module the power 
loss in the modules under no-load has to be excluded in the calculation. 
This has been done using the experimental results of the whole generator 
under no-load (Figure 9.6), and deriving an equation for the no-load loss with respect 
to the speed. The experimental no-load loss is compared with the results from the 
equation in Figure 9.10. 
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Figure 9.10: Variation of no-load with speed 
Two-thirds of the no-load power loss at every speed is subtracted from the 
input power calculated using the torque and the speed. This will be an approximate 
solution to the single module generator because the loss in the bearing will not 
comply with the scaling used. This has been treated to be negligible. 
Figure 9.11 shows the variation of the input, output powers and effi- 
ciency with rms phase current. Rated current for a single module is also marked in 
Figure 9.11. 
Due to a failure of the stator at the end-winding, it was not possible to 
carry out a test under full-load full-speed conditions. Figure 9.12 shows the portion 
of the stator which failed. During the investigation of the failure, it was found that 
a strand was twisted. The insulation may have been affected due to the twist. The 
failure may have occurred due to the failure of insulation at the location after it has 
gone through electrical stress during the experiments undertaken previously. 
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10 Discussion & conclusions 
Initially the results from analysis and the experimental results are compared and a 
discussion is presented. Then conclusions are drawn based on the discussion and 
the results. Some further work to make improvements are also recommended. 
10.1 Discussion 
The open-circuit voltage has been compared by normalising the voltage against its 
electrical frequency because of the measurements and simulations done at different 
frequencies. 
Table 10.1: Comparison of open-circuit voltages 
D cri ti 
Method 
es p on 2D FEA 3D FEA Experiment 
Normalised rms, phase voltage (V/Hz) 0.936 0.939 0.946 - 0.973 
Total harmonic distortion (%) 3.852 3.855 3.4-4.2 
The results from the finite element analyses axe in the range of results 
from the experiments. The experimental results of each stator are not identical to 
each other. This is because of the tendency to the rotor to flex and the positioning 
of the rotor-assembly exactly in the middle of gaps in between two stators of each 
module. 
The voltage regulation at the current of 60 A from a single module at the 
speed of 1200 rev/min is compared in Table 10.2. The voltage regulation calculated 
Table 10.2: Comparison of voltage regulation 
Method Itag regulation 
Hybrid approach 
Experiment 
11.2 
13.7 
using experimental results is higher than that obtained from hybrid approach. This 
may be due to the asymmetrical voltages (Figures 9.5(e) & 9.5(f)) connected in 
151 
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parallel or may be a difference in the operating inductance and the inductance used 
in the analysis. 
The inductance of the single stator obtained using 2D FEA with inclusion 
of end-winding inductance using analytical formula, and. 3D FEA are compared in 
Table 10.3. When the inductance is calculated using 2D FEA, the included end- 
Table 10.3: Comparison of operating inductance 
Method Inductance (p 
2D FEA + Analytical 
3D FEA 
1244.7 
1463.1 
winding inductance did not take any mutual interaction between the end-winding 
of the three-phases, leading to an under-estimation of the inductance. Further, due 
to the approximation made when the 2D model is created, the magnetic structure 
varies from the 2D model. This may have contributed to the discrepancy in the 
inductance obtained by the 2D FEA and analytical formula. The above inductances 
are calculated while operating at full-load, three-phase currents. 
Due to the limitation to measure the inductances with the windings of 
all three phases fed with currents, the inductances were measured using a standard 
LCR meter. However this did not include the mutual inductances. In order to do 
a comparison, the analysis was done at the condition at which the measurement is 
caxried out. Table 10.4 compares the inductances. 
Table 10.4: Comparison of inductance 
Method Inductance 
2D FEA + Analytical 
Experiment 
717 
735 
The no-load loss from triple-module generator at the speed of 
1200 rev/min is compared in Table 10.5. There is a considerable discrepancy be- 
Table 10.5: Compaxison of no-load loss 
Method No-load loss (kW) 
Hybrid approach 
_Experiment 
0.6 
1.1 
tween the measured and the calculated no-load losses. The reasons for this could 
be several. The core-loss data provided by manufacturers of steel laminations is 
usually due to the alternating magnetic field which is measured using Epstein frame 
test axrangement. The loss due to the rotational flux is not accounted for in the 
core-loss data provided the manufacturers. In calculating the loss in the bearings, it 
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was assumed the axial force acting on the bearing is zero. For axial flux machines, 
there is a high possibility that considerable axial force will be acting on the bearing. 
This will lead to a further addition to the no-load losses. However it is very difficult 
to calculate or estimate the forces acting on the bearings. 
The efficiency at the current of 60 A from a single module at the speed 
of 1200 rev/min is compared in Table 10.6. 
Table 10.6: Comparison of efficiency 
Method , Efficiency 
Hybrid approach 
Experiment 
92.7 
92.1 
The difference between the efficiencies is mainly due to the differences in 
no-load losses. 
The analysis and the experiments were caxried out under ac resistive 
load conditions. However when a full-bridge diode rectifier is connected between 
the load and the generator, the phase current will no longer be sinusoidal wave due 
to non-linear characteristics of diodes. The distortion in the current waveform will 
introduce a power factor of 0.955 (Mohan et al. 1995a). Due to the synchronous 
inductance of the generator, the current commutation between the diodes will not be 
instantaneous. This will provide a short circuit path during the commutation, thus 
reducing the average dc voltage by ; 'ýwLjd. The non-sinusoidal current waveform 
and non-instantaneous current commutation have impacts on the overall output and 
the DC link voltage. The effect on the DC link voltage is acceptable to some extent 
since the DC link voltage band is to be within 70% and 120% of the nominal DC 
link voltage. 
10.2 Conclusions 
It has been found that making changes in the transport sector will help to alleviate 
the problems of energy emissions either by using alternative options of energy or 
by using new technologies that will use fuels more efficiently. Attention has been 
focused on hybrid power technology to use fuels more efficiently as this will be 
applicable even to the power-trains that may use other alternative fuels. 
A research project that would exploit the series hybrid power technology 
was summarised. It was required to have an electrical generator with improved 
efficiency of 96%, reduced mass that leads to a specific power of more than 1 kW/kg 
and reduced volume in order to be viable in the hybrid power-train. 
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A literature review on electrical machines was presented to find a suitable 
candidate to do a further analysis. It has been concluded that an axial flux topology 
was a promising candidate for the purpose. 
The suitability of an axial flux machine with concentrated winding was 
analysed in order to shaie the same interest with another hybrid research project. 
It has been found that it would not make a good choice due to its tendency to 
create high no-load losses primarily due to eddy currents in the magnets. Since 
the measures to reduce these losses will make an impact on the performance of the 
generator, it was opted to analyse an axial flux machine with slotted-ferromagnetic 
core and double-layer winding. 
A parametric analysis was carried out using two dimensional finite el- 
ement analysis in order to find the geometric dimensions of the stator and rotor. 
Having finalised the geometric dimensions and other input parameters, detailed two- 
dimensional and three-dimensional finite element analyses were caxried out under 
no-load and full-load condition to obtain the performance of the generator. 
In order to analyse the complete performance of the generator a hybrid 
approach has been formulated using the results of finite element analysis and ana- 
lytical methods. With this approach the prime mover unit that consists of a diesel 
internal combustion engine and the three-phase generator was analysed. 
A prototype has been built based on the analysis and the experiments 
were carried out to validate the design. It has been shown and discussed in Sec- 
tion 10.1 that the experimental results and the design results agree well. 
By doing the above mentioned research work, the following contributions 
have been made. 
One of the aims of the research carried out is to improve the specific power 
and the power density of the electrical generator in order to make it suitable 
for mounting on the roof of light rail vehicles. The achieved specific power 
of the generator is 1.3 kW/kg, compared to the target of 1 kW/kg, with 
a nominal power of 165 kW and the total mass of 128 kg. The achieved 
overall power density of the generator is 3.6 MW/mI with an outside diameter 
of 440 nim and the axial length of 305 nun. However this can be further 
enhanced by optimising the length of end-windings and improving the cooling 
capabilities. Because of the improvement achieved in the specific power and 
the power density of the high-power axial flux machine which has a short axial 
length compared to the diameter for a single modular configuration, it paves 
the way for adapting the electrical machine to be used in other applications 
which require high-power electrical machines with a low mass and low volume. 
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For example, it can be an attractive candidate for in-wheel motors in electric 
propulsion. 
e Another aim of the research is to maximise the efficiency of the electrical 
generator. The achieved efficiency of the generator is 95.5% while the target 
for the efficiency was 96%. However there is still room for improvement when 
the next generation of generator is built. 
A high-power medium-speed multi-modulax axial flux generator has been de- 
signed for the first time to the best knowledge of the author and successfully 
tested to validate design results. By building a prototype machine it has 
been demonstrated that the issues of the laxge axial force and the mechani- 
cal integrity of toroidally wound lamination could be overcome. This would 
encourage scientists and engineers to go along with such kinds of electrical 
machines leading to further evolution. 
A hybrid analysis approach using the finite element analysis and analytical 
technique has been developed to analyse the performance of a generator cou- 
pled with a diesel engine. It has been shown that the performance of the elec- 
trical generator predicted using the derived hybrid analysis approach agrees 
well with the performance obtained using the experiments. In addition the 
technique used in the analysis can be easily adapted in other applications of 
similar feature. 
There is a patent application (Anpalahan & Lamperth 2006ý) with the 
design features that enable high efficiency, small size, low weight multi modular 
device. 
10.3 Recommendations for further work 
In order to improve the performance of the generator the following recommendations 
are made. 
" It would make a complete comparison if the testing of the generator is cax- 
ried out at full-load condition at various speed conditions, thus validating the 
design approach at wide range of speed. 
" The rectangulax slots with rounded corners were used in the generator. The 
shape of the slot can be altered to eliminate any local saturation in the stator 
pole shoes that would assist to improve efficiency. 
" It is recommended to analyse the effects of skewed-slots on the shape of the 
voltage waveform, cogging torque, and full-load torque in order to get a more- 
sinusoidal voltage wave, and to reduce cogging torque. - 
" The shape of the permanent magnet was a part of a sector in the generator 
with a constant thickness. The shape of the magnets can be changed, for 
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example may be skewed or shaped with rounded corners, thus could help to 
shape the voltage waveform and minimise cogging torque. 
" The thickness of the magnets was kept constant. The thickness of the magnet 
can be made variable to analyse the effects of eddy current losses in the magnet, 
the shape of voltage waveform etc. 
" It is recommended to review and improve the positioning of the rotor assembly 
in the airgap. 
e The performance can be improved if the thermal analysis is performed in order 
remove the heat from the generator more effectively. 
Including the armature reaction haxmonics due to the passive diode-rectifier 
in the system analysis will help to optimise the system for its efficiency and 
power density. 
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A Three-phase rectifier 
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(b) Waveforms 
Figure A. 1: Three phase full bridge rectifier 
The voltage output of the three phase ac generator is rectified using a 
three phase full bridge diode rectifier, circuit diagram is shown in Figure A. 1 (a). No 
further details and description about the rectifier are given here as they can be found 
in any standard text books on power electronics, for example (Mohan et al. 1995b) - 
The right picture on Figure A. 1(b) shows the corresponding waveforms for the full 
bridge rectification. For the completeness, the left graph shows the waveforms for 
half bridge rectification where only the positive side of the wave is rectified. 
The relation between the rectified dc voltage and the ac voltages are 
presented below. Initially assuming current commutation is instantaneous, then the 
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(a) Circuit diagram 
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source inductance L, = 0, and the average DC voltage, Vd-avg, can be obtained by 
integrating over the shaded portion shown in Figure A. 1(b). 
7r 
Vd-avg ---' 7V.. cos(O - 
i7-r)dO 
3 
But Vm = 'kvf2VLL (A. 2) 
where VLL and V,,, are line-to-line rms voltage, line-to-line peak voltage respectively. 
The average, maximum, and minimum value of the DC link voltage are given by 
Equations A. 3, A. 4, A. 5 respectively. 
Vd-avg 3 vF2 VLL (A. 3) 
7r 
Vd-max V2VLL (A. 4) 
Vd-min 
.. 
3 (A. 5) 
V-VLL 
ý, 42- 
RMS and peak voltages are related by, 
AF VLL =V 2VLL (A. 6) 
ý'o = vl2-Vo (A. 7) 
and phase and line-to-line voltages by, 
A 
VLL 
Vr3i 
(A. 8) 
where VO and ýro axe phase rms voltage, phase peak voltage respectively. 
By using smoothing capacitor, Cd, across output terminals in parallel 
with load resistor as shown in Figure A. 1(a), DC output voltage can be smoothed 
reducing the voltage ripple. For a three-phase pa'ssive diode rectifier with smoothing 
capacitor voltage ripple is given by 
AV = 
Vd, 
(A. 9) RLCd6f 
where AV, RLs Cd, and f are voltage ripple, load resistance, smoothing capacitance 
and frequency of three phase voltages respectively. 
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B Configurations of double-layer 
axial flux machines 
Preliminary analysis on the double layer axial flux machine configurations with 36, 
72, and 108 slots are presented. Rotor parameters and outer dimensions of the stator 
were kept consistent with the concentrated winding (Chapter 5.2) 
36-slot double layer AFM 
In this section an AFM with a stator of semi-closed 36-slots on each side is anal- 
ysed. 2D finite element analysis was used to obtain the output characteristics. The 
Table BA: Slot. windinja 1)axameters for 36 slot AFM le B. 1: Slot, winding paxameters for 36 slot A 
Description Value 
Number of stator slots 36 
Axial thickness of stator core (mm) 38 
Number of coils 72 
Number turns/coil 5 
Diameter of coil conductor (mm) 0.5 
Number of strands per turn (nun) 26 
Slot depth (mm) 11.5 
Slot width (mm) 11 
Slot opening depth (mm) 3 
Slot opening width (mm) 2 
variation of no-load voltage, magnet flux density and cogging torque with respect 
to time and the variation of spatial airgap flux density are shown in Figure B. 1. 
The model used for FE analysis with a flux plot obtained is shown in 
Figure B. 1(a). Due to the distorted no-load voltage waveform(Figure BA(b)) and 
a large magnet flux density fluctuation (Figure BA(d)) with respect to the position 
of rotor this configuration is not taken into consideration for further analysis. 
Table B. 2 shows the output parameters if all of the coils in each phase 
are connected in series. The output power was obtained for a current density of 
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Figure B. 1: Output parameters for semi-closed 36-slot double layer AFM 
5 Amm-'. The phase voltage is much higher than the required voltage. However 
the discrepancy can be eliminated by modifying the number of turns in the coils 
and having parallel branches per phase. For example by having 6 turns in each coil, 
then connecting 6 coils in series, and 2 parallel branches in each phase will give a 
rnis phase voltage of 306 V at 3000 rev/min. The modification will alter the phase 
current if the current density is kept unchanged. The output power will be change 
only slightly unlike the voltage or the current. 
Table B. 2: Output parameters for 36-slot double layer AFM 
Description Value 
RMS phase voltage (0-) 3000 rev/min (V) 510 
Current density (A/mm 2) 5 
RMS phase current (A) 26 
Power per module (kW) 39.78 
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The next section looks at a double-layer AFM with 72 semi-closed slots 
on each side of the stator. 
72-slot double layer AFM 
Table B. 3 gives the parameter specific to the 72-slot stator. Using strip conductors 
Table B. 3: Slot, winding parameters for 72-slot AFM 
Description Value 
-1 
1 
Number of stator slots 72 
Axial thickness of stator core (mm) 30 
Number of coils 144 
Number turns/coil 2 
Cross-section of coil conductor (mm) 1.25x 6 
Number of strands per turn (mm) 1 
Slot depth (mm) 13 
Slot width (mm) 3.2 
Slot opening depth (mm. ) 0.7 
Slot opening width (mm) 1.6 
copper fill factor in the slots can be increased. This will allow a high phase current for 
the same current density, thus increasing the output power. Figure B. 2 surnmarises 
so 
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Figure B. 2: Output parameters for semi-closed 72-slot AFM 
the output parameters for the 72-slot double layer AFM. For this case the distortion 
of the open-circuit voltage waveform is high. 
The output paxameters axe given in Table B. 4. It should be noted that 
the output power is increased due to the usage of strip conductors as discussed 
previously. 
In the next section a 108 open slot double layer AFM is presented. 
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Table B. 4: Output parameters for semi-closed 72-slot AFM 
Description I Value 
RMS phase voltage (d- 3000 rev/min (V) 382 
Current density (A/mm 2) 5 
RMS phase current (A) 37.5 
Power per module (kW) 43.0 
108-slot double layer AFM 
Table B. 5 gives the parameters of the machine. This configuration has an open slot 
stator. With an increased number of slots the width of slots reduces if the inside and 
the outside diameter of the stator core remain constant. The slot opening needs to 
be smaller than the slot width. But inserting the coils through narrow slot openings 
will be a difficult task or may not be possible at all. 
Table B. 5: Slot, winding parameters for 108-slot AFM 
Description Value 
Number of stator slots 108 
Axial thickness of stator core (mm) 30 
Number of coils 216 
Number turns/coil 1 
Cross-section of coil conductor (mm) 1X 5 
Number of strands per turn (mm) 1 
Slot depth (mm) 12 
Slot width (mm) 2 
Slot opening depth (mm) 01 
Slot opening width (mm) 01 
Figure B. 3 shows the output characteristics of the machine obtained us- 
ing 2D FE analysis. Having open slots will increase the magnitude of the magnet 
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Figure B. 3: Output paramaters for 108 open-slot double layer AFM 
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flux density fluctuation. The frequency of magnet flux density will increase pro- 
portionally with the increase of the number of slots. The coil conductors need to 
be protected using slot insulation in order to protect against electrical short-circuit 
between the conductors and stator in case of conductor insulation failure. If the 
number of slots is high this require more space for slot insulation thus taking the 
space otherwise used for electric loading or magnetic loading. This will reduce the 
output performance. Table B. 6 shows the output characteristics of the machine. 
Table B. 6: OUtDUt Darameters for 108-slot AFM 
Description Value 
RMS phase voltage 0 3000 rev/min (V) 320 
Current density (A/mm2) 5 
RMS phase current (A) 25 
Power per module (W) 39.78 
Design and Analysis of Permanent Magnet Electrical Machines for HEVs 
